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I. INTRODUCTION 
A, Purpose 
The rare earth elements form the 4f electron transition 
group from cerium, atomic number 56, to lutetium, atomic 
number 71. The great similarity of the chemical properties 
of these elements made their separation difficult. With the 
development of the ion exchange process (1) and preparation 
of the pure metal by reduction of the fluoride (2) suffi­
cient quantities of pure rare earth metals were made avail­
able for research purposes. This led to a large scale pro­
gram aimed at a better understanding of the interesting 
physical properties of the rare-earth elements. 
It is well known that the interesting magnetic and 
electrical properties of the rare-earth metals are a result 
of the partially filled 4f electron shell, with the filled 5s 
and 5p shells effectively screening the 4f electrons from 
interference by their neighbors. 
The first investigations of the magnetic and electrical 
properties of the rare-earth metals were performed using 
polycrystalline materials. Several of these metals were 
found to exhibit both ferromagnetic and antiferromagnetic 
states in appropriate temperature ranges. 
It soon became apparent that single crystal measurements 
were necessary if one were to obtain meaningful data. The 
fact that a preferred direction of crystal orientation 
2 
ppnpraj1v occurs when a rare-earth solidifies and. in addition, 
the large magnetic anisotropy possessed by many of these 
metals, indicates that unique sets of data can only be ob­
tained by measurements on single crystals. 
This investigation was a part of a larger program being 
carried out at the Ames Laboratory to produce single crystals 
of the rare-earth metals and measure their magnetic and elec­
trical properties. Magnetic and electrical measurements have been 
made on single crystals of the heavy rare-earth elements 
terbium (3), dysprosium (4, 5, 6), holmium (7), and erbium (8). 
The first part of the present investigation was concerned 
with the development of a method for the production of large 
single crystals of the heavy rare-earth metals. 
The latter part of this investigation was undertaken for 
the purpose of extending the knowledge of the magnetic and 
electrical properties of gadolinium. 
B. Previous Experimental Work 
Gadolinium was the fourth ferromagnetic element to be dis­
covered (9). The physical properties of this metal have, un­
til quite recently, received somewhat less attention than 
those of the other heavy rare earths. Much of the interest in 
the other rare-earths has been stimulated by the existence of 
a spiral spin structure in the region of antiferromagnetic 
is presumably a "normal" ferromagnetic material with no spiral 
spin structure. 
Early measurements by Trombe (11) and later studies by 
Elliott ejt al^. (12) indicated a ferromagnetic Curie tempera­
ture of 289°K and an absolute saturation magnetic moment of 
253 cgs units per gram which corresponds to 7.12 Bohr magne­
tons per atom. Trombe obtained the saturation moment by ex-
trapolation of a TJ plot, whereas Elliott obtained the satu-
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ration moment by extrapolation of a T ' plot. The excellent 
agreement of the extrapolated value in the two cases is quite 
remarkable. Henry (13) measured a saturation magnetization of 
7.05 Bohr magnetons per atom at 1.3°K in a magnetic field of 
60,000 gauss. The magnetic moment in high magnetic fields has 
also been measured by Gaskell and Motz (14). They report mag­
netic moments at 80,000 gauss which are about 3 5% higher than 
those for infinite fields as extrapolated by Elliott. 
The paramagnetic susceptibility of polycrystalline gad­
olinium has been measured from room temperature to 1500°K by 
Arajs and Colvin (15). They reported a paramagnetic Curie 
temperature of 310°K and an effective Bohr magneton number of 
8.07. They observed a small anomaly, which could be enhanced 
by small additions of molybdenum and tantalum, at about 750°K. 
Belov and Nikitin (16) found a peak in the magnetic 
moment at 210°K in magnetic fields of less than 1.12 oersteds. 
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These measurements were performed on a toroidal sample. They 
reported anomalous behavior for isofields below about 100 
oersteds. They found small "kinks" in the isothermal mag­
netization curves above 210°K. They concluded that an anti-
ferromagnetic spiral spin structure exists in gadolinium be­
tween 210°K and 290°K which can be destroyed by the applica­
tion of a weak magnetic field (H <15 oersteds). 
More recently, the magnetocrystalline anisotropy con­
stants of single crystal gadolinium have been determined by 
Graham (17) and Corner e_t al. (18) from torque measurements. 
There is some discrepancy between the two measurements. They 
both found that above about 245°K the c-axis is the easy di­
rection of magnetization. Graham reports an easy cone of 
magnetization between 225°K and 245°K, and below about 165°K. 
Between 165°K and 225°K he found that the easy direction of 
magnetization is in the basal plane. Corner reports an easy 
cone of magnetization from 240°K to 37.5°K, the lowest tempera­
ture used. Corner found that the easy direction of magnetiza­
tion reaches a maximum angle of 70° with respect to the c-axis 
at 220°K. A fairly large, highly fieId-dependent crystal 
anisotropy at and above the Curie temperature has also been re­
ported (19). 
The temperature dependence of the lattice parameters of 
single crystal gadolinium has been measured recently by Darnell 
(20). He reported a Curie temperature of 298°K. He found 
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that the a-axis exhibits nearly normal thermal contraction. 
However, below the Curie temperature the c-axis exhibits an 
anomalous expansion with decreasing temperature, which is in 
agreement with the earlier work of Banister et_ jil. (21). 
Measurements of the thermal expansion and the magnetostriction 
constants of single-crystal gadolinium have been made by 
Bozorth and Wakiyama (22), who also report anomalous expansion 
for the c-axis. They also report anomalous behavior in the 
forced magnetostriction in the vicinity of the Curie tempera­
ture. The effect in the a-direction is negative and has "nor­
mal" magnitude, while the effect in the c-direction is positive 
and large. They report no anomalous behavior in the vicinity 
of 220°K. Independent measurements of the saturation magneto­
striction constants have been made by Alstad and Legvold (23). 
They report anomalous behavior at 218°K. 
The heat capacity of gadolinium has been measured over 
the temperature range 15°K to 355°K by Griffel ejb al. (24). 
They observed a peak in the heat capacity at 291.8°K. 
Measurements of the thermoelectric power of polycrystal-
line gadolinium by Born e_t a_l. (25) show a change in slope in 
the TEP curve at about 290°K. They remark that the change in 
slope is not as abrupt as it is for some of the heavy rare-
earth metals. 
Measurements of the electrical resistivity by Colvin et 
al. (26) revealed a sharp change in slope between 291°K and 
6 
292°K. Recently, the resistivity of a polycrystalline sample 
with a residual resistivity of 2.4 microhm-cm has been meas­
ured by Colvin and Arajs (27). They report a Curie tempera­
ture of 293°K and find that the resistivity at low temperatures 
is proportional to Tx with x = 3.73 in the region from 5°K 
to 15°K. 
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II. BASIC CONCEPTS AND EQUATIONS 
A. Magnetic Measurements 
The magnetic susceptibility per gram, Xg, is defined by 
o = XgH (2.1) 
where a is the magnetic moment per gram and H is the magnetic 
field intensity. In anisotropic substances, Xg is a tensor. 
The behavior of Xg ranges from small, negative, and nearly 
temperature independent for diamagnetic substances to large, 
positive, and highly temperature and field dependent for fer­
romagnetic substances. 
All solids have a diamagnetic contribution to the total 
susceptibility. This effect is, however, often masked by the 
other types of magnetism since Xg is negative, small and 
nearly temperature independent for a diamagnet. Cusack (28, 
p. 294), among others, derives the expression for the diamag­
netic susceptibility. 
The existence of paramagnetism in a solid is connected 
with the occurrence of unfilled shells in the atomic structures, 
that is, permanent magnetic dipoles exist in these solids. Xg 
is positive, small, and usually temperature dependent for a 
paramagnetic substance. 
It is found that numerous solids exhibit a feeble para­
magnetism which is nearly temperature independent and of the 
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same order of magnitude as the diamagnetic contribution to 
the susceptibility made by nearly free conduction electrons. 
Kittel (29, p. 259) and Van Vleck (30, p. 347) have discussed 
the spin paramagnetism, which is properly calculated using 
Fermi-Dirac statistics. 
Materials which exhibit strong paramagnetism, such as 
the rare-earth ions, have unfilled electronic shells. The mag 
netic susceptibility is found experimentally to follow the 
C G 
Curie law, Xg = or the Curie-Weiss law, Xe = _g- , where 
° T 6 T-Gp 
©p is the paramagnetic Curie temperature, T is the absolute 
temperature, and Cg is the Curie constant per gram. 
A substance is called ferromagnetic if it possesses a 
spontaneous magnetic moment, that is, a magnetic moment exists 
even in the absence of an applied magnetic field. The ferro­
magnetic Curie temperature, 6, is defined as the temperature 
above which the spontaneous moment vanishes. The susceptibil­
ity of a ferromagnet is positive, often very large, and highly 
field and temperature dependent. 
In the classical theory of paramagnetism, the magnetic 
dipoles are assumed to be freely rotating. The magnetization 
results from the orientation of the dipoles in an applied 
magnetic field in competition with thermal agitation, which 
resists the tendency of the field to orient the moments. The 
resulting magnetization, calculated by the application of 
statistical mechanics is then given by 
o -  M L( y)  (2.2)  
A 
where Nq is Avogadrofs number, A is the atomic weight, is 
the magnetic moment per ion, and L(y) is the Langevin function 
L(y) = coth y - y . (2.3) 
In this case, y = > for convenience. 
According to quantum theory, the permanent magnetic 
moments cannot be treated as freely rotating, but are restric­
ted to a finite number of orientations relative to the applied 
field. For the total angular momentum quantum number of each 
atom given by J, the 2J + 1 possible components of the mag­
netic moment are 
Mj g/*g where Mj = J, ( J-l), • • •,-( J-l) ,-J- (2.4) 
Mj is the magnetic quantum number, g is the Lande splitting 
factor 
- i  + J(J+D - L(L+1) + S(S+1) 
% " 2J(J+1) <2.5) 
where L and S are the total orbital and spin angular momentum 
quantum numbers, respectively. The Bohr magneton, /U.^ is de­
fined as 
/^B = 4 7T mc - 0.927X10 oersted • (2.6) 
Here e is the electronic charge, h is Planck's constant, m 
is the electronic mass, and c is the velocity of light. 
For a magnetic dipole having a component Mjg along 
the magnetic field, the interaction energy is -MjgyLlgH. For 
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Nq 
a medium with — ions oer pram, the aonlication of statisti­
cal mechanics yields 
a - ~ g j/^g Bj(x) (2.7) 
where x = and Bj(x) is the Brillouin function, that 
is 
Bj(x) = -jy- coth[~~ x] -2^-coth[2jH • (2.8) 
For x « 1, Bt(x)—•(J+l)x and Equation 2.7 becomes 
J 3 J 
„ = NoJ(J^l)g>l „ (2.9) 
3kTA 
or 
x = o = MpJCJ*l)g2/<.2B (2.10) 
ë H 3kTA 
which is the Curie Law with the Curie Constant, Cg, given by 
. . N0 J(J+l)gVB _ (2.U) 
ë 3kA 
For a substance which exhibits both paramagnetic and 
ferromagnetic behavior in appropriate temperature regions, it 
is necessary to explain the spontaneous magnetization in the 
ferromagnetic region. Spontaneous magnetization implies that 
there must be some sort of interaction between the atoms which 
tends to align the atomic dipoles. A phenomenological de­
scription of spontaneous magnetization was advanced by VJeiss 
(31), who assumed that the molecular field, H^, acting on a 
given dipole has the form 
= H + Xo « (2.12) 
H is the applied magnetic field, o is the magnetic moment per 
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gram, and X is the molecular field or Weiss constant. The 
cooperative effect is, of course, provided by the term A o. 
The Weiss assumption accounts for the existence of spontaneous 
magnetization, the ferromagnetic Curie point, and the Curie-
Weiss law. 
The original calculations of Weiss were made using the 
classical theory of paramagnetism which considered freely ro­
tating dipoles. Dekker (32), among others, has discussed the 
application of the molecular field concept to the quantum 
theory of magnetization. 
For ferromagnetic materials, the magnetic field should 
be replaced by the molecular field, Equation 2.12. Thus, for 
a ferromagnet 
x = gJP-gr(HH-Ao) . (2.13) 
The spontaneous magnetization is the magnetization in zero 
field, so for H = 0, Equation 2.13 becomes 
x = gJ/*B s (2.14) 
kT 
Solving this for the magnetic moment per gram, we have 
C =J*L_ • (2.15) 
gJf-B A 
The magnetization is also given by Equation 2.7, with x de­
termined by Equation 2.13 when an external magnetic field is 
applied to the sample and by Equation 2.14 when the interest 
is in the spontaneous magnetization. Since the magnetic 
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moment, o. must satisfy both Equation 2.7 and Equation 2.15, 
the magnetic moment at a particular temperature may be obtained 
from the point of intersection of the two corresponding o 
versus x curves. 
The susceptibility above the Curie temperature can be 
found in the following way. For fields low enough so that 
we are far from saturation, that is, x« 1, Equation 2.9 is 
applicable. Substituting Equation 2.12 into Equation 2.9 and 
solving for the susceptibility we obtain 
X„ - CB • (2.16) 
8 T-6p 
This is seen to be the Curie-Weiss law. Here ©p = Acg is the 
paramagnetic Curie temperature, and 
C . NoJ(J+l)gW (2.17) 
which is the same as Equation 2.11. 
If we define the effective paramagnetic moment in Bohr 
magnetons as 
/^eff = g[J(J+l)]^ (2.18) 
and substitute Equation 2.18 into Equation 2.17 we have also 
II — /-3k A Cg i , 
^"eff ^Qj^B = 2'83 V^g ' (2.19) 
The saturation magnetization is found by considering the 
low temperature limit of Equation 2.7. In the limit x » 1, 
then Bj(X) —> 1 and Equation 2.7 becomes 
13 
NQ Cm4< — —— ~ T /1 ( o n 
oc*v A 5 Jf-QR • 
Thus the effective number of Bohr magnetons per atom, at 0°K 
and at infinite magnetic field is given by 
Neff = g J • (2.21) 
The experimentally determined saturation magnetic moment, 
°oo,0> can be converted to the effective number of Bohr 
magnetons by 
Neff = A aoo'° = A a°o,0 . (2.22) 
No/^B 5587 
It was shown by Heisenberg (33) that the Weiss molecular 
field can be explained on the basis of quantum mechanical ex­
change forces acting between electrons in neighboring atoms. 
The exchange interaction between two atoms, i and j, can be 
represented as a direct coupling between total spins in the 
potential energy by a term of the form 
vij = ~2 Jij Si' Sj (2.23) 
where Jjj is the exchange integral for the two atoms, and 
and Sj are the total spin angular momentum quantum numbers. 
In general, the exchange integral is negative, that is the 
nonferromagnetic state is favored. The Heisenberg model re­
quires that the magnetic electrons of neighboring ions have 
orbits which overlap. Presumably this model does not apply 
to the magnetic rare-earth elements since they have little 
or no overlap. 
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In fact; the indirect exchange interaction has now been 
accepted as the dominant interaction in the magnetism of the 
rare-earth metals. A qualitative picture of this interac­
tion is as follows: Consider a lattice of trivalent ions 
in a sea of conduction electrons. A conduction electron 
interacts with a 4f electron of an ion through electrostatic 
coulomb exchange. This tends to align the spin of the con­
duction electron either parallel or anti-parallel to that of 
the ion. As the conduction electron travels through the 
crystal it interacts with other ions and thus gives rise to 
a force tending to align all the ions in the crystal. 
Ruderman and Kittel (34) made a second order perturba­
tion theory calculation to explain Hyperfine splitting using 
as a model the nuclear indirect exchange interaction. Their 
model was the same as that described above with the 4f elec­
tronic moments replaced by nuclear moments. The Ruderman-
Kittel mechanism was first employed for the case of electronic 
localized moments by Kasuya (35) and Yosida (36). The exchange 
interaction between a conduction electron spin and a local­
ized spin Sf has the form 
-2J(rc-Rf) Sc • Sf (2.24) 
where rc and Rf are the positions of the conduction electron 
and the localized spin, respectively. The quantity J(rc-Rf) 
is proportional to the density of the spin cloud, since in 
Equation 2.24 one assumes that the conduction electron ex-
15 
changes locally at each point of the localized spin cloud 
with the element of the cloud at that point. 
The temperature dependence of the approach of the mag­
netic moment to saturation has been studied by Bloch (37), 
who was the first to apply the spin wave theory to the problem 
3 /2 
of ferromagnetisra. He obtained a T ' dependence for the 
approach to saturation. Kasuya (35) made a spin wave calcu­
lation based on the indirect exchange mechanism discussed 
above. He also obtained a T3/2 law for the temperature de­
pendence of the saturation magnetization. His results should 
hold exactly for gadolinium since he disregarded the contribu­
tion of the orbital angular momentum; here it is also assumed 
that the 5d conduction electrons may be neglected. 
The studies of Stoner (38) based on the collective elec­
tron model predict a T2 dependence of the saturation magneti­
zation. 
Goodings (39) has shown that gadolinium should exhibit a 
•j3/2 dependence for the approach to saturation, from low tem­
peratures up to about eight tenths of the Curie temperature 
because of complicated cancellation of higher order effects. 
His calculation was a spin wave treatment based on the Heisen­
berg model. Niira (40), in a spin wave treatment, has shown 
that a low temperatures the departure of the magnetization 
from saturation has the form 
ûo = AT3/2 e" Yt (2.25) 
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where k is the Bcltzrnann constant and £ is an energy gap re­
presenting the minimum energy necessary for excitation of a 
spin wave. The energy gap is given approximately by the geo­
metrical mean of the magnetic anisotropy energy for the 
hexagonal axis, K2, and that for the basal plane, . Niira 
achieved a good fit for dysprosium using an energy gap = 
20°K. Mackintosh (41), using the same energy gap, has fitted 
the data for terbium with good results. It should be men­
tioned that if the anisotropy in the basal plane vanishes, 
then Niira's theory predicts that a linear spin wave disper­
sion law will result, and hence the magnetization should vary 
p 
according to a T law. 
The temperature dependence of the spontaneous magnetiza­
tion near the Curie temperature has been studied by Tahir-
Kheli (42). His calculations, based on the Green function 
theory of magnetism, predict that the spontaneous magnetiza­
tion should approach zero as 
T 1/3 
°0,T ~ °0,0 ~ 0 ] (2.26) 
where Oq ^ is the spontaneous magnetic moment at a tempera­
ture T, OQ q is the spontaneous moment at 0°K, and 0 is the 
ferromagnetic Curie temperature » 
B. Resistivity Measurements 
An electron will travel freely in the perfectly periodic 
potential of a perfect lattice. The electrical resistance of 
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irregularities in the lattice structure. Some of the ir­
regularities, or imperfections which cause scattering of the 
electron waves are: 
(1) thermal motion of the metallic ions (phonon scatter-
(3) defects. 
Included under the general heading of defects are such things 
as interstitial foreign atoms, substitutional foreign atoms, 
lattice vacancies, and dislocations. The study of electrical 
resistivity, then, is a study of the various scattering mech­
anisms present in the crystal lattice. 
A description of the theory of electronic transport 
processes as formulated by Sommerfeld, Bloch, and others, is 
given in most textbooks on solid state theory [cf. Ziman (43) 
and Wilson (44)]. 
That the electrical resistivity will indeed be zero for 
an electron in a perfect lattice has often been pointed out 
[cf. Jones (45) or Dekker (32)]. 
If a metal contains a small number of defects, then ac­
cording to Matthiessen*s rule (46) the resistivity may be 
written 
ing) 
(2) aperiodicity of the magnetic moments (magnon scat 
tering) 
(2.27) 
tn t h î s  p n n a t i o n  „  i s  t h e  r e s i s t i v i t y  a s s o c i a t e d  " C C ^  ^ * o + *.r 4 "f V» + Ô ^ ^ vv J. til v a A V, 
scattering of the electron wave by defects and is presumed 
to be temperature independent. The second term, /?(T), is 
the temperature dependent part of the resistivity. For a 
magnetic material, /?(T) consists of the lattice term, f , 
and the magnetic term, . Thus the resistivity can be 
written 
fres * fph * £ag '  (2 l28)  
The fact that Matthiessen's rule is not an exact rule has 
been pointed out by many investigators, among them (47, 48). 
The phonon contribution to the resistivity was proposed 
on semi-empirical grounds by Gruneisen (49) and can be ex­
pressed as follows : 
fPh(T) = a(!)5 
"" 5 
x d2 (2.29) 
(gX-l)(1-q-X) 
0 
where A is a constant characteristic of the material and 9 
is generally taken as the Debye temperature. Note that for 
T» 9 the integral K|)4 so that 
/^h(T)*=T , 
in agreement with experiment. For the opposite limit, T« ©, 
the upper limit of the integral can be taken as oo, thus 
J^h(T) oc T5. (2.31) 
The spin wave, or magnon scattering has been treated by 
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Kasuya (50) using the indirect exchange interaction discussed 
earlier and using the exchange interaction given in Equation 
2.24. He found that the resistivity arising from the scat­
tering of conduction electrons by the localized spins is given 
by 2 
Af>= 
->XZ ! îr ta(0)2*(g-l)2J(J+l)j<0)2] (2.32) 
2e2hEpNa 
for rare-earth metals in the paramagnetic state or for dilute 
alloys containing disordered rare-earth spins. is the num­
ber of atoms per unit volume having the spins, Na the total 
number of atoms per unit volume, Bp is the Fermi Energy and 
a(0) and j(0) are the direct and exchange overlap integrals 
between the localized spins and the conduction electrons. 
Thus his results predict that the exchange scattering should 
2 o be proportional to (g-1) J(J+1). kasuya obtains a T^ tempera­
ture dependence for /^ag at low temperatures. 
Mackintosh (41) has proposed that the magnetic resistivity 
should be proportional to T^ at low temperatures from the view­
point of a linear spin wave dispersion law. 
There can be anisotropy in the resistivity, that is, the 
resistivity is actually a second rank tensor, for a non-cubic 
crystal. Boas and Mackenzie (51) have shown that there will 
be no anisotropy in the basal plane of a hexagonal crystal for 
any property which represents a linear relationship between 
two vectors. Since the conductivity is the property which re­
lates the applied electric field vector and the current vector, 
20 
*t lie j. c s IiG u 1 d be no sin set ropy in the resistivity in the bssal 
plane. The resistivity tensor is then completely determined 
by measuring the resistivity for current applied parallel to 
the c direction and for current applied parallel to any di­
rection in the basal plane. 
Alstad e_t al. (52) have discussed the various relation­
ships which have been proposed to relate the principal re­
sistivities of a single crystal to the polycrystalline re­
sistivity of a sample of the same material. They conclude 
that the relationship 
poly = 3^2 ifp (2.33) 
gives the best fit to their experimental data on yttrium. 
is the resistivity for the current parallel to the c-axis 
and is the resistivity for current perpendicular to the 
c-axis. It is necessary, of course, to subtract the residual 
resistivity before applying this relationship. 
21 
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A. General Methods 
It is well known that large single crystals of the rare-
earth elements are difficult to produce. Since the rare-
earth metals from gadolinium to thulium all have relatively 
high melting points, it is reasonable to assume that it 
would be appropriate to apply the Bridgman (53) method to 
these metals. However, several of the rare earths have a 
high temperature transformation from the hexagonal form to 
the body centered cubic form. It is difficult to cool a 
single crystal through a crystallographic transformation 
without damaging or destroying the crystal. In addition, the 
high reactivity of these elements restricts the available 
crucible materials to tantalum. If the Bridgman method is 
to be successful, it is very important that the thermal con­
ductivity of the crucible be small compared to that of the 
charge to be melted. Tantalum does not fulfill this require­
ment because the thermal conductivity of tantalum is nearly 
the same as that of the rare earths. 
The strain-anneal technique, the Czochralski (54) tech­
nique, a zone melting technique and a vapor deposition tech­
nique all failed to produce crystals (55). Graham (17) re­
cently reported the growth of a gadolinium single crystal by 
the Czochralski technique. He observed a plate-like precipi­
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tate of a few percent by volume, which he suggests may be an 
oxide of gadolinium. His sample was melted in tantalum, but 
the tantalum content was not reported. 
The general technique developed during this investiga­
tion was to melt the sample under argon in an arc furnace 
which had a water-cooled copper hearth and a nonconsumable 
tungsten electrode. Grain growth was accomplished by an­
nealing the button at temperatures somewhat below the melt­
ing point. Gibson (56), of the Ames Laboratory, reported the 
production of yttrium crystals by a similar method. 
B. Vacuum Annealing Furnace 
Figure 1 shows the furnace which was used in this in­
vestigation. The tube heater consisted of two concentric 
cylinders of tantalum which were formed from two mil sheets. 
The inner cylinder was 1-7/8 inches in diameter and 10 inches 
long. The outer cylinder was 2-1/4 inches in diameter and 
9-3/8 inches long. A tantalum ring was welded to the top of 
the cylinders to provide electrical contact between them. A 
tantalum ring was welded to each of the cylinders at the bot­
tom to make electrical contact with the large water-cooled 
copper electrodes used to feed the current into the vacuum 
chamber. Power to the heater was supplied by a welding trans­
former and controlled by a variac in the input line. Radia­
tion losses were minimized oy a set of concentric molybdenum 
Figure 1. The vacuum annealing furnace used in growing the 
single crystals. The sample is shown in the 
position at the top of the heater. 
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radiation shields which surrounded the heater= In addition, 
a series of radiation discs were mounted at the bottom of 
the heater and on the tantalum lowering rod. The temperature 
profile of the furnace was examined with a Pt.-Pt 13% Rh 
thermocouple. Two regions in the furnace were used for the 
annealing process. When it was desired to place the sample 
in a temperature gradient, the sample was positioned at the 
top of the heater. The temperature gradient at the top was 
found to be approximately 25°C/cm. The sample was positioned 
near the center of the heater when it was desired to place the 
sample in a constant temperature zone. The temperature at 
the center of the heater was constant to within t 5°C at 
1250°C for a length of three inches. 
A small hole was drilled through the arc melted button 
and a bail of 30-mil tungsten attached in order to minimize 
the area of contact between the tungsten and the rare-earth 
metal. The bail was attached to the lowering rod which passed 
through an O-ring seal to the outside of the furnace. The 
furnace was degassed in a vacuum of 1 X 10"^ Torr, or better, 
while the specimen was maintained at a relatively cool tem­
perature about three inches above the top of the heating 
element. It was possible to view the specimen in the upper 
position through a pyrex window mounted in the furnace jacket. 
Gadolinium, terbium and yttrium could be annealed in a vacuum, 
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but an argon atmosphere was required for dysprosium, holmium, 
erbium, and thulium to reduce distillation. 
If the upper and lower surfaces of the button were pol­
ished flat prior to annealing, the grain boundaries were more 
readily distinguishable. This polishing did not seem to af­
fect the grain growth. 
C. Application to Rare-Earth Metals 
The general technique employed was to anneal an arc 
melted button at a temperature or temperatures somewhat be­
low the melting point. All annealing was carried out at tem­
peratures below the hexagonal-body centered cubic transforma­
tion which occurs near the melting point in some of the metals. 
Table 1 summarizes the pertinent information on each of the 
heavy rare-earth metals and yttrium. The column labeled 
sample position indicates whether the best results were ob­
tained with the sample in the constant temperature zone at 
the center of the heater or in the gradient at the top of the 
heater. The annealing schedules presented are not unique, but 
represent runs that yielded the best and most reproducible 
results. 
Grain growth was always observed, but the technique did 
not, however, always produce large grains. The largest grains 
produced ranged in size from five mm on a cube edge to the 
entire volume of a three cm diameter button. Grain boundaries 
Table 1. Procedures for the growth of single crystals 
Annealing Melting Transition 
Element Atmosphere 
Sample 
position 
Temp. 
(OC) 
Time 
Chr. )  
point3  (OC) temperature
3  
(°C) 
Gd Vacuum Top 
Top 
Top 
Top 
Center 
1050 
1100 
1150 
1200 
1225 
12 
12 
12 
12 
12 
1312 1264 
Tb Vacuum Center 1250 12 13 56 1317 
Dy Argon Top 
Top 
Top 
Center 
1200 
1250 
1300 
1300 
18 
6 
6 
12 
1407 
Ho Argon Center 1300 18 1461 
Er Argon Center 1400 18 1497 
Tm Argon Center 1350 6 1545 
Y Vacuum Center 
Center 
Center 
Center 
Center 
Center 
1100 
1150 
1200 
1250 
1300 
1350 
8 
8 
8 
8 
8 
8 
1509 1459 
aData taken from Daane (57). 
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were clearly visible due to thermal etching and Laue patterns 
could be obtained without the necessity of chemical etching. 
The arc melting is a very important part of the process. 
The arc melted buttons had a high degree of orientation when 
removed from the arc melter. Figure 2 shows the grain struc­
ture of an arc melted button of gadolinium. Normal arc 
melting procedure is to melt a button, then flip the button 
over and melt again. It was very important that the final 
melting go all the way through the button; otherwise the 
grains would not grow across the boundary where the second 
melting stopped. 
Figure 3 shows a dysprosium button which was annealed 
according to the above method. Nearly all the volume is 
occupied by three grains. The small hole drilled for the 
tungsten bail is visible on the upper left.  
The advantages of the above method for growing rare-earth 
single crystals are twofold. The method provides crystals 
of useable size for use in experimental studies by a rela­
tively simple and uncomplicated technique. In addition, very 
little, if any, contamination of the sample takes place during 
the process. 
Figure 2. Photograph of an arc melted button of gadolinium 
showing the grain structure. 
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Figure 3. Photograph of a dysprosium button after annealing. 
Three grains occupy nearly all the volume. 
Z £  
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IV. EXPERIMENTAL PROCEDURE 
A. Sample Preparation 
Two single crystals were grown by the method described in 
Chapter III. In each case, one grain occupied nearly the en­
tire volume of the button. The arc melted buttons were prepared 
from gadolinium metal which had been prepared in the Ames Lab­
oratory by standard techniques (1, 2). 
In order to study the electrical and magnetic properties 
of gadolinium in the symmetry directions three samples were pre­
pared in the form of rectangular parallelepipeds with the long 
dimension oriented parallel to an a-axis ( <11?0^ direction); 
a b-axis ( <1010> direction); and the c-axis ( <0001> direction), 
respectively. 
The crystals were oriented by back reflection Laue X-ray 
methods as described by Greninger (58). Rectangular parallel­
epiped samples were then laid out on the crystals using a system 
of parallel and perpendicular surfaces and a height gauge equipped 
with a scribing tool. The samples were then removed from the 
bulk crystal with a jewelers saw and lapped by hand to final di­
mensions .  
The electrical resistivity was measured on a b-axis sample 
22 mm by 0.97 mm by 0.93 mm cut from one cutton and a c-axis 
sample 18 mm by 1.02 mm by 0.99 mm cut from the other button. 
These samples were then cut down to 10 mm for the magnetic 
measurements below 350°k. The high temperature susceptibility 
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measurements were made on c-axis and a-axis samples that were 
10 mm by 2 mm by 2 mm and were cut from the same button as the 
18 mm c-axis sample. The a-axis sample was then reduced to 10 
mm by 1 mm by 1 mm for magnetic measurements below 350°K. 
Purity analyses of the two crystals appear in the Appendix. 
B. Method and Apparatus for Magnetic Measurements 
When a sample of magnetic material is placed in a non­
uniform, horizontal magnetic field, H, where the constant field 
gradient, ^ , is in the vertical direction, it experiences a 
force, F, given by 
F = moH,T (4.1) 
where m is the sample mass in grams and o^t is the magnetic 
moment per gram induced in the sample. 
Experimentally, the force was measured by an analytical 
balance as an apparent change in sample mass, A m, so it  is con-
cni 
venient to set F = (dm)g, where g = 980.12 7^2, the acceleration 
due to gravity. Thus the magnetic moment per gram, which 
is a function of magnetic field and temperature, is given by 
CH,T " dH '  (4.2) 
m  dZ 
The effective internal magnetic field acting on the mag­
netic ions is dependent on sample geometry and is given by the 
relation 
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K- _ j. = -  Ndou T (4.3) 
where N is the demagnetizing factor and d is the density. 
The samples used in this investigation were rectangular paral­
lelepipeds so it  was necessary to apply the approximations de­
scribed by Thoburn (59), since N can be calculated exactly 
only for ellipsoids. Thoburn's approximations are based on the 
values given by Bozorth (60) for the demagnetizing factors as­
sociated with cylinders possessing different aspect ratios 
(length:diameter). The demagnetizing factors for samples used 
in this investigation were all near 0.2 and the maximum de­
magnetizing field was 470 oersteds with the sample in an exter­
nal field of 18,000 oersteds. 
The 20 kw Weiss-type electromagnet capable of producing 
fields from 0 to 18,000 oersteds while the magnetic field 
gradient produced by the Sucksmith-type pole caps varied from 0 
to 525 oersteds per cm was designed by Elliott (61) and modi­
fied by Thoburn (59), who also described the method of excita­
tion of the magnet. During this investigation a solid state 
power supply and a solid state current stabilizing unit were de­
signed and constructed by the electronics shop of the Ames 
Laboratory to provide the field excitation for the 25 kw genera­
tor, thereby replacing the small generator and current control 
unit described by Thoburn (59). 
The cryogenic system employed for these measurements has 
been described by Strandburg (62). The reader is referred to 
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his dissertation for a complete description of the operation of 
the system. Figure 4 is a schematic diagram of the complete 
susceptibility apparatus employed for measurements from 1.4°K 
to 350°K. Figure 5 displays the details of the tail section of 
the dewar. 
Sample temperatures were measured with a calibrated copper-
constantan thermocouple from 4.2°K to 300°K. The 4.2°K cali­
bration point was redetermined during each liquid helium run and 
small corrections made. The 4.38°K superconducting transition 
temperature of a length of tantalum wire wound on a carbon resis­
tor served as a fixed temperature point. The carbon resistor 
was used to measure temperatures from 1.4°K to 20°K. The 
carbon resistor had been calibrated in this temperature range 
and was also checked each time the sample temperature was lowered 
to the helium bath temperature. The automatic temperature con­
trol system allowed temperatures to be controlled to within at 
least 0.1°K over the temperature range from 1.4°K to 350°k. 
The standpipe furnace shown in Figure 6 was constructed to 
replace the cryostat for measurements of the susceptibility in 
the range 300°K to 900°k. Electrical insulation of the Chromel-
A wire used for the heater was accomplished by the use of fish 
line beads. The bifilar wound heater was wound directly on the 
stainless steel inner wall of the furnace. 
Alternating current was applied to the heater and con­
trolled by a variac. This simple arrangement controlled the 
Figure 4. Cryogenic system for magnetic measurements. 
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temperature variation during each series of measurements of the 
susceptibility at 12,000, 15,000 and 18,000 oersteds to t  0.1°K. 
The highest temperature measured, 900°K, required about 120 
watts power input. 
The copper outer vacuum jacket had cooling coils soldered 
to it above and below the magnet poles in order to prevent 
any exterior heating. The bellows was installed to compen­
sate for the thermal expansion of the stainless steel inner 
vacuum jacket. A calibrated chromel-alumel thermocouple was 
used to measure the temperature and was situated about one-
half inch below the sample position. A calibrated iron-
constantan thermocouple was fastened in the sample holder at 
the sample position and a determination of the correspondence 
of sample temperature to thermometer temperature was made. 
It was found necessary to make a temperature correction, pre­
sumably because of oxidation of the copper heat sink to which 
the fixed thermocouple was attached and the resultant decrease 
in the heat transfer through the oxide layer. The tempera­
ture correction was reproducible to -  2°K for correspondence 
determinations made before and after the gadolinium samples 
had been measured. 
The requirement that one must have weighing stability 
for the accurate measurement of large magnetic forces demands 
that some system of artificial centering be employed since it 
is impossible to attain both weighing stability and horizontal 
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stability simultaneously. The measurements from 300°K to 
900°K could be made without the necessity of artificial cen­
tering since the lateral forces were small.  The method em­
ployed to center the sample in the temperature range from 
1.4°K to 300°K is due to Thoburn (59) and the details of this 
so-called "wiggler" have been described by Strandburg (62). 
The magnetic anisotropy in gadolinium was small enough 
that when magnetic measurements were being made on one of the 
symmetry directions, there was no rotation of the sample to 
the direction of easy magnetization. Thus no constraints 
were required to prevent sample rotation. 
Corrections for the diamagnetism of the copper sample 
holder and quartz suspension rod were accomplished by making 
a set of calibration measurements over the temperature range 
from 1.4°K to 900°K with no sample in the holder. The mag­
netic force due to the sample could then be extracted from 
the raw data by making the appropriate correction, generally 
an additive contribution to the raw data. 
Some difficulty was encountered in the calibration of 
the magnetic field gradient. During the course of the investi­
gation an apparent time dependence of the gradient was ob­
served, with the values differing by as much as 0.5% in a six 
month period. The difficulty was finally traced to the oak 
table mounted above the magnet on which the experimental ap­
paratus was placed. In the summer, when the humidity was 
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high; the table would expand. As winter approached, the 
humidity would decrease and the table would contract. The 
net effect was to move the sample position in the field by 
up to three mm. This problem will be corrected by placing 
the experimental apparatus on a metal table. The best cali­
bration was finally obtained in the region from 2,000 to 18,000 
oersteds using a sample of high purity iron (resistivity ratio 
of 168) with an assumed saturation magnetic moment at 293°K 
of 217.75 cgs units per gram. The calibration of the gradient 
in the region 0 to 1000 oersteds was calibrated in the follow­
ing manner :  
(a) The form of the magnetization curve for an unan-
nealed sample of Permalloy 78 was obtained using a 
ballistic deflection technique. 
(b) The Permalloy sample was then placed in the suscepti­
bility apparatus and the saturation magnetic moment 
determined by direct measurement at high fields. 
(c) Calibration measurements were then made in the low 
field region from 0 to 1000 oersteds. 
The magnetization data were obtained as isotherms, that 
is,  measurements of the apparent mass increase of the sample 
were made at a series of values of increasing magnetic field, 
while the temperature was held constant. No attempt was made 
to anneal the sample above the Curie temperature except for 
measurements on the b-axis sample in the vicinity of this 
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magnetic transition. 
Measurements were performed to determine the effect of 
annealing on the magnetic moment by comparing measurements 
made when the sample had been annealed above the Curie tem­
perature with those made at the same temperature when the 
sample had not been annealed. The only effect found was in 
the field region below 4000 oersteds, and here the reproduci­
bility was within the reproducibility of the magnet at these 
fields. 
C. Method and Apparatus for Resistivity Measurements 
The electrical resistivity was determined for the b-axis 
and the c-axis samples from 4.2°K to 380°K. Measurements of 
the current, I,  passing through the sample and the potential 
drop, V, between two probes placed about 8.75 mm apart on the 
sample allowed the resistivity, P , to be determined by 
Here, A is the cross-sectional area of the sample and L is 
the distance between the potential probes. 
The potential drop between the probes placed on the sam­
ple was measured with a Rubicon Type B potentiometer. The 
effect of thermal emfs was minimized by measuring the poten­
tial drop with the current passing through the sample in one 
direction and then reversing the direction of the current and 
making another potential measurement. The potential drop, V, 
(4.4) 
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used in Equation 4.4 is the mean val UP of thp.<<=> two MEASURE­
ments. The current flowing through the sample was determined 
by measuring the voltage drop across a standard resistance 
which was in series with the sample. 
The cross-sectional dimensions of the samples were 
measured with a Sheffield No. 1000 thickness gauge and the 
distance between potential probes determined by measurements 
of the distance between the narrow impressions left on the 
sample by the sharp potential contacts. The potential probes 
were positioned such that they were about 3 mm from the current 
probes. 
The low temperature resistivity values were extrapolated 
to 0°K to obtain the residual resistivity. This residual was 
then subtracted from the measured resistivity in order that 
the results could be plotted as a function of temperature. 
The apparatus for the resistivity measurements has been 
described by Colvin ejt al.  (26). A copper-cons tant an thermo­
couple was used to measure the temperature. Temperatures were 
controlled by a system of automatic temperature control simi­
lar to that used for the magnetic measurements. 
The four-probe resistivity sample holder is shown in 
Figure 7. The sample holder was constructed in cooperation 
with Strandburg (62), and has been described by him. The 
only change which was made prior to these measurements was 
the removal of the copper band which holds the potential probes 
Figure 7. Sample holder for the electrical resistivity measurements. 
B. springs which held potential contacts to sample. 
C. Current contacts. 
P. Potential contacts. 
T.C. Copper-constantan thermocouple. 
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in contact with the sample. This band was replaced by the 
springs (B) shown in Figure 7. This change was effected in 
order to minimize the danger of applying too much pressure to 
the potential probes. Excessive pressure would result in 
damage to the sample. 
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V. RESULTS 
A. Magnetic Measurements ; b-axis Crystal 
The magnetic moment per gram, cp  „ of the b-axis crystal 
ri, 1 
was determined in the temperature range from 1.4°K to 360°K. 
The data for the b-axis crystal are presented first since 
the most complete study of the magnetization in the vicinity 
of the Curie temperature was made on this crystal. 
The data were taken as isothermals; that is,  the mag­
netization was measured as a function of magnetic field while 
the temperature was held constant. The data for applied mag­
netic fields from 0 to 1,000 oersteds were obtained over the 
whole temperature range in one series of measurements and the 
high field data were obtained in the range from 2,000 to 
18,000 oersteds in another series of measurements. The data 
are tabulated in the Appendix. 
Representative low field isotherms are exhibited in 
Figure 8. Only a few temperatures are shown in this plot 
in order to retain clarity. It is observed from the data 
shown that the isothermals intersect in the temperature range 
from 4.2°K to about 230°K. 
Figures 9 and 10 are isothermal plots of the data in the 
high field region. Figure 9 is an expanded plot of the data 
in the vicinity of the Curie temperature. Some curvature in 
the isotherms is evident below about 340°K. The magnetization 
Figure 8. Isotherms for the b-axis crystal in the low field 
region. 
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Figure 9. An expanded plot of the isotherms at high fields 
for the b-axis crystal in the vicinity of the 
Curie temperature. 
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is nearly saturated in a magnetic f ield larger than 4,000 oer­
steds at temperatures below about 275°K as evidenced by the very 
small slope to the magnetization curves shown in Figure 10. 
The magnetic moment per gram at constant magnetic f ield 
was obtained from the isothermal plots for several values of 
the internal magnetic f ield. These data are presented as an iso-
field plot in Figure 11. The high field curves exhibit nearly 
normal "Weiss" behavior, but the low field curves exhibit anoma­
lous behavior which is  associated with the temperature dependence 
of the easy direction of magnetization. A peak in the magnetic 
moment occurs at about 120°K at low magnetic f ields. 
Two techniques were used to obtain the spontaneous mag­
netization from the data. Firstly, the l inear high field mag­
netization data were extrapolated back to zero field to get 
2 aO,T • Secondly, the data were plotted in the form 0%^ versus 
H /oh?t> as shown in Figure 12 and the high field linear portions 
were extrapolated back to one or the other axis.  Below 250°k 
the two methods yield nearly identical results.  Above 250°K the 
second method was found to give more satisfactory results.  The 
different techniques have been discussed by Arajs and Miller (63) 
who indicate that the second method is  more realistic near the 
Curie point because it  minimizes domain effects.  It is clear that 
in Figure 12 the extrapolation to H/o^ -J .  = 0 is  expected 
gure 11. Isofield curves for the b-axis crystal for both high and low internal 
magnetic f ields. 
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netic region. It  is  observed that in the ferromagnetic re­
gion the intercept yields the square of the spontaneous mag­
netization, whereas the intercept yields the initial suscep­
tibility in the paramagnetic region. It is seen that the 
Curie temperature of gadolinium must l ie between 292.7°K and 
293.6°K according to the interpretation we have placed on the 
intercepts.  Figures 13 and 14 are plots of the spontaneous 
magnetization as a function of temperature and the reduced 
spontaneous magnetization as a function of reduced tempera­
ture ,  respectively. The Curie temperature as obtained from 
Figures 12 and 13 is  293.2 t  0.4°IC. The solid curves shown 
7 in Figure 14 are for J = % and J = 0 0 ,  from the Weiss quantum 
theory of ferromagnetism. The solid curves were obtained by 
the procedure outlined in Chapter II,  Section A. 
According to Equation 2.26 the spontaneous magnetization 
should approach zero as 
°0,T = 
with the theoretical value being N = l /3.  This equation can 
be written 
on t T 
In —— = N ln(l  -  7j) .  (5.1) 
°0,0 y 
Figure 15 is a plot of In C°» T  versus ln(l  -  i).  The spon-
q0,0 
taneous moments used in this equation were obtained by the 
methods described above. 
Figure 13. The spontaneous magnetization as a function of 
temperature for the b-axis crystal.  
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Figure 14. The reduced spontaneous magnetization curve for 
the b-axis crystal.  The solid lines are for 
J = 7/2 and J =00 ,  from the Weiss quantum theory 
of ferromagnetism. 
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Magnetic measurements were made on the a-axis crystal 
as a function of temperature from 4.2°K to 900°K. In the tem­
perature range 1.4°K to 300°K, isothermal measurements of the 
magnetic moment per gram were made as a function of magnetic 
f ield in the same fashion as those described for the b-axis 
crystal.  The data from 300°K to 900°K were obtained as iso­
thermal measurements of the magnetic moment at 12,000, 15,000 
and 18,000 oersteds. The magnetic susceptibility at each 
temperature was then calculated from the average of these data. 
The data for the a-axis crystal are presented as iso­
therms in Figures 16 and 17. Isofield curves obtained from 
the isotherm data are given in Figure 18. These curves ex­
hibit essentially the same temperature dependence as those 
for the b-axis sample. 
The saturation magnetic moment for the a-axis crystal 
was determined by plotting the high magnetic f ield values of 
°H T versus as shown in Figure 19. The resulting straight 
l ines were extrapolated to j-j = 0 to obtain values of 
The values of rp obtained from Figure 19 and similar graphs 
are plotted as a function of T^ and also T^ in Figure 20. 
Figure 21, is  a plot of the reciprocal of the magnetic 
1 
susceptibility,  %, as a function of temperature. According 
to Equation 2.16, the slope of the ^ versus T curve is  the 
Figure 16. Isotherms for the a-axis crystal in the low field 
region. 
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Figure 17. Isotherms at high magnetic f ields for the a-axis in the ferromagnetic 
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reciprocal of the Curie constant uer «ram. After determining 
the Curie constant, Equation 2.19 will  yield an experimental 
value for the effective paramagnetic moment in Bohr magne­
tons .  The experimentally determined paramagnetic Curie tem­
perature is  obtained by extrapolating the l inear portion of 
the curve to obtain the intercept with the temperature axis.  
C. Magnetic Measurements ;  c-axis Crystal 
Magnetic measurements were made on the c-axis crystal as 
a function of temperature from 4.2°K to 900°K. Isothermal 
measurements of the magnetic moment per gram were made as a func­
tion of magnetic f ield at temperatures from 4.2°K to 300°k in 
two series of measurements as described for the b-axis crystal.  
The c-axis susceptibility data (Figure 21) in the temperature 
range from 300°K to 900°K were measured using the same pro­
cedure as that described for the a-axis crystal.  
The isotherms for the c-axis sample are presented in 
Figures 22 and 23. The low field isotherms shown in Figure 
22 exhibit anomalous behavior and are different from the data 
for the b-axis and a-axis crystals.  Isofield curves, con­
structed from the isotherms, are shown in Figure 24. Here 
it  can be seen that the temperature variation of the magnetic 
moment for the low magnetic f ields is quite different from 
that exhibited by the basal plane samples. 
Figure 22. Isotherms for the c-axis crystal in the low 
field region. 
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crystal were determined by plotting the high field values of 
Or t as a function of g and extrapolating to ^ = 0 as de­
scribed in Chapter V, Section B. Representative curves are 
exhibited in Figure 19. The values of the saturation moment, 
CTyy j ,  are plotted as a function of T^/^ and also T^ in Fig­
ure 20. 
D. Resistivity Measurements; b- and c-axis Crystals 
The electrical resistivities of the c- and b-axis crys­
tals were measured at temperatures from 4.2°K to about 380°K. 
The residual resistivity of each sample was obtained by ex­
trapolating the resistivity curve from low temperatures to 
zero degrees Kelvin. The residual resistivity of the c-axis 
crystal was found to be 3.20 microhm-cm and the residual re­
sistivity of the b-axis crystal was 4.92 microhm-cm. 
Measurements were made at increasing temperature on both 
crystals.  However, in order to check for thermal hysteresis 
in the vicinity of the Curie temperature, measurements were 
also made at decreasing temperature from 380°K to 275°K for 
the b-axis crystal and from 375°K to 270°K for the c-axis 
crystal.  It  was observed that all  data points fell  on the 
same curve. 
The residual resistivity was subtracted from the measured 
resistivity to obtain the temperature dependent contribution 
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to the electrical resistivity. These results for the b- and 
c-axis crystals are shown in Figure 25, where f*- J^ea is 
plotted as a function of temperature. The inserts in Figure 
25 are an expanded view of the region in the vicinity of the 
Curie temperature. The b-axis curve exhibits a fairly sharp 
change in slope at 293.2 t  0.2°K. The resistivity above this 
temperature is  very nearly a l inear function of temperature. 
The c-axis curve shows a small maximum at about 292°K and a 
shallow minimum at about 340°K. The resistivity for the c-
axis exhibited curvature at 375°K, the highest temperature 
used. 
A comparison of the experimental data of Colvin ejt al .  
(26) with the calculated polycrystalline curve obtained from 
the relationship discussed in Chapter II,  
poly = 7 <2 6+ P • <2 '33> 
was made using the experimental data obtained in this inves­
tigation for the b- and c-axis crystals.  It was found that 
the polycrystalline experimental data f it  the calculated curve 
quite well .  
The magnetic contribution to the resistivity, P ,  was 
°  '  
ymag 
determined by extrapolation of the high temperature l inear 
portion of the resistivity curve to zero degrees Kelvin. 
The magnetic contribution so determined was 105 microhm-cm 
for the b-axis crystal.  No attempt was made to determine the 
Figure 25. Electrical resistivity, residual subtracted, as 
a function of temperature for the c-axis and 
b-axis crystals.  The inserts are enlargements 
of the data near the Curie point.  
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was not a l inear function of the temperature. 
The temperature dependence of the resistivity at low 
temperatures was determined by plotting ln( f-  >£ e s) versus 
In T as shown in Figure 26. 
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A. Magnetic Measurements 
The easy direction of magnetization in gadolinium was 
found to be a function of temperature, in agreement with 
static torque measurements of the anisotropy constants (17, 
18).  Anisotropic magnetic behavior was observed in low mag­
netic fields at all  temperatures below the Curie temperature. 
The anisotropy observed at high magnetic f ields was small,  
but is  believed to be outside experimental error. 
The magnetic moment per gram for all  three symmetry 
directions is plotted as a function of the magnetic f ield in 
Figures 27, 28, and 29. These data all  show the low field 
anisotropy and its temperature variation. The temperature is  
4.2°K in Figure 27 and the easy cone of magnetization makes 
an angle of approximately 34° with respect to the c-axis.  
It is  observed that the c-axis magnetization is in agreement 
with this fact.  The isotherms plotted in Figure 28 are all  
near 160°K. At this temperature the magnetization vector 
is  near the basal plane. The form of the magnetization curves 
clearly indicates that the easy direction of magnetization is 
in or near the basal plane. It appears that the b-direction 
is a direction of easier magnetization than the a-direction 
at all  temperatures below about 250°K. The isotherms shown 
in Figure 29 are all  for a temperature near 270°k. The c-axis 
is  the easy direction of magnetization at this temperature. 
Figure 27. Isotherms at 4.2°K for the a-,  b-,  and c-axis 
crystals in low magnetic f ields. 
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Figure 28. Isotherms at about 160°K for the a-,  b-,  and c-
axis crystals in low magnetic f ields. 
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It is also observed that the basal plane anisotropy which 
was observed in Figures 27 and 28 has vanished at this tem­
perature .  In fact,  no basal anisotropy was observed above 
250°K. 
The isofield data for low magnetic f ields presented in 
Figures 11, 18, and 24 show the temperature variation of the 
easy direction of magnetization. The 100 oersted isofield 
data for the c-axis shown in Figure 24 exhibits the tempera­
ture dependence most clearly. The c-axis magnetization passes 
through a maximum at about 220°K and then passes through a 
minimum somewhere between 160°K and 180°K. As the tempera­
ture is decreased further, the easy direction of magnetiza­
tion approaches the c-axis,  finally leveling off at an angle 
of about 34° with respect to the c-direction. The temperature 
dependence of the magnetization in low magnetic f ields for the 
two basal plane samples is  nearly the same. The 100 oersted 
isofield curve for the b-axis shown in Figure 11 and the com­
panion curve for the a-axis presented in Figure 18 do not show 
the temperature dependence of the easy direction of magnetiza­
tion quite as clearly as that shown by the c-axis.  However, 
comparison with the c-axis curve of Figure 24 shows quite 
clearly that the c-direction is preferred above about 220°K. 
The basal plane magnetization passes through a broad maximum 
somewhere between 120°K and 170°K for the 100 oersted isofield 
curve. The maximum is somewhat sharper for the 300 oersted 
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t ion in the basal plane then decreases as the temperature is  
reduced and finally levels off and is  nearly constant below 
about 40°K. 
In view of these measurements, i t  would appear that the 
interpretation advanced by Belov and Nikitin (16) is  incor­
rect.  They suggested that gadolinium has a helical antifer-
romagnetic state from 210°K to 290°K which can be destroyed 
by the application of a weak magnetic f ield. They arrived at 
their conclusion mainly because of the observed peak in the 
magnetic moment at about 210°K and small "kinks" in the iso­
therms which they observed at very low fields. The low field 
data obtained in this investigation were not precise enough 
to either verify or deny the existence of the "kinks" in the 
isotherms. It  should further be pointed out that no anomalous 
behavior was observed in the resistivity in the 210°K to 220°K 
region. Anomalous behavior in the resistivity would be ex­
pected if  a magnetic transition occurred at this temperature. 
The low field isotherms shown in Figures 8, 16, and 22 
also exhibit anomalous behavior which is  associated with the 
temperature dependence of the easy direction of magnetiza­
tion. The effect on these curves is  an intersection of the 
isotherms. 
It must be mentioned that the low field data are somewhat 
qualitative due to uncertainties in the demagnetizing field, 
106 
lack of reproducibility of the magnetic f ield at these low 
fields, and uncertainty in the calibration of the magnetic 
f ield gradient. These data are believed to be reliable to 
about t 4%, however. 
No anisotropy was observed in the paramagnetic range in 
measurements of the susceptibility made on the c- and a-axis 
samples. The paramagnetic Curie temperature obtained from 
an extrapolation of the linear portion of the plot shown in 
Figure 21 was found to be 0p = 317 -  3°K. The Curie constant 
per gram, Cg, in Equation 2.19 for the effective paramagnetic 
moment, 
A^eff = 2.83 \/A Cg (2.19) 
is  given by the reciprocal of the slope of the straight l ine 
of Figure 21. The effective paramagnetic moment thus deter­
mined is/^ eff = 7.98 t 0.05. The theoretical value of the ef­
fective paramagnetic moment is  given by Equation 2.18, 
/^eff = g[J(J+l)]^ • (2.18) 
The normal spectroscopic state for the trivalent gado­
linium ion is an state. The Lande splitting factor, 
given by Equation 2.5 is g = 2,  and the total angular momentum 
quantum n umber is  J = 7/2. Substitution of these values into 
Equation 2.18 yields /'gff = 7.94 Bohr magnetons per atom, 
which is  in excellent agreement with the experimental value. 
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The effective moment and paramagnetic Curie temperature 
found in this investigation are in fair agreement with the 
data of Arajs and Colvin (15).  They reported anomalous be­
havior in the vicinity of 750°K but no anomalous behavior 
was observed at this temperature in the present investigation. 
They observed that the anomaly could be enhanced by the addi­
tion of small amounts of molybdenum and tantalum so it  is 
highly probable that the anomalous behavior they observed was 
associated with impurities.  
The temperature variation of the saturation magnetization 
is exhibited in Figure 20. The T^^ curve is  fit  to + 0.1% 
from 200°K to about 50°K but deviates from T^2  behavior be­
low 50°K. The saturation magnetization fits a T2  curve rather 
well  in the temperature region from 4.2°K to 50°K; although 
a log-log plot of the low temperature data indicated the be­
havior as 1-2.2-0.1 ^ i t  is not believed that the departure 
3 /2 from T '  behavior could arise from an energy gap (40).  The 
energy gap, ~  , of Equation 2.25 calculated from the data 
of Graham (17),  yields ^ = 0.05°K. The energy gap necessary 
to fit  the experimental data is  |  = 38°K. On the other hand, 
i t  is conceivable that some mechanism associated with the con­
duction electrons could give rise to this effect.  
The saturation magnetic moment per gram, a q, obtained 
by the extrapolation of the T^ plot was found to be aO Q }q = 
268.4 * 0.5 cgs units per gram for both the c-axis and a-axis 
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atom when Equation 2.22 is used. The theoretical determina­
tion of the saturation moment using Equation 2.21 gives 
Ngff = gj = 7.0 Bohr magnetons per atom at saturation and at 
0°K. The experimental saturation moment is  in excess of the 
theoretical moment by 0.55 Bohr magnetons per atom. Liu 
(64) has suggested that polarization of the conduction elec­
trons may be responsible for the excess moment. Thoburn ejt 
al .  (65) have measured the magnetic properties of gadolinium-
lanthanum and gadolinium-yttrium alloys. It is interesting 
to note that the saturation magnetic moment per gadolinium 
atom at zero degrees Kelvin was in the range 7.4 -  7.6 Bohr 
magnetons for many of the alloy concentrations that they 
measured, in good agreement with the results of this investi­
gation. 
The ferromagnetic Curie temperature obtained from Figures 
12 and 13 was found to be 293.2 Î 0.4°K, some 4°K higher than 
previously reported (11, 12).  
The f it  of the reduced spontaneous magnetization to the 
curve for J = 7/2 from the Weiss quantum theory of ferromag-
netism is very similar to the f it  for iron and nickel to the 
curve for J = j  [cf.  Bozarth (60),  p. 431].  
The temperature dependence of the spontaneous magnetiza­
tion for the b-axis was found to be the same as the tempera­
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ture deoendence of the saturation magnetization. The spon-
3/2 
taneous magnetization followed T behavior from about 200 k 
down to 50°K and deviated from T^/^ behavior below this tem-
2 perature, following T behavior quite well  in this tempera­
ture range. The spontaneous moment at 0°K was found to be 
Oq q = 265.4 t  2 cgs units per gram for the b-axis data. The 
high field data for the b-axis may be in error by something 
on the order of 0.5% due to shifts in the sample position 
caused by the table used in the experiment, as discussed in 
Chapter IV, Section B. 
The temperature dependence of the spontaneous magnetiza­
tion in the vicinity of the Curie temperature was determined 
from Figure 15. The slope of the straight l ine was found to 
be 0.4 yielding 
°0,T = "o.ot1 " T/9]2/5 (5.2) 
which is  in fair agreement with Equation 2.26, 
1/3 
C0 -p — OQ Q[ 1 -  T/0] » (2.26) 
obtained from the theoretical calculation of Tahir-Kheli (42).  
B. Resistivity Measurements 
The electrical resistivity for the current applied par­
allel  to an a-axis was not measured in this investigation. 
Previous measurements (3,  7) have confirmed that the basal 
plane resistivity is isotropic as proposed by Boas and 
Mackenzie (51).  
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The anisotropy in the resistivity between the basal 
plane and the c-axis was rather small.  The ratio of the basal 
plane resistivity to the c-axis resistivity is a measure of 
the anisotropy. At 375°K, the ratio is 1.17, which is  some­
what less than the ratio for the other heavy rare earths. 
The b-axis resistivity curve is  essentially a l inear 
function of temperature above the Curie temperature. The 
slope of this curve is 0.084 microhm-cm/°K. The c-axis re­
sistivity was not a l inear function of temperature so no at­
tempt was made to determine the slope. 
No anomalous behavior was observed in either resistivity 
curve at 220°K as would be expected if  a magnetic transition 
occurred at this temperature. It  should be pointed out that 
in the case of terbium, which has an antiferromagnetic state 
which can be destroyed by the application of an external field 
of the order of 800 oersteds, that the peak in the magnetic 
moment occurs at the higher ordering temperature (3).  The 
two magnetic transitions are shown in the resistivity of ter­
bium. A change in slope occurs at the Curie temperature for 
all  three symmetry directions, whereas the Neel temperature 
is  characterized by a change in slope for the basal plane re­
sistivity and the c-axis resistivity goes through a maximum 
about three degrees Kelvin below the Neel point.  In addi­
tion, the heat capacity measurements of Jennings ejt al .  (66) 
on terbium revealed a "bump" at the Curie temperature and a 
Ill 
sharp peak at the Neel temperature. The heat capacity of 
gadolinium showed no anomalous behavior at 220°K (24).  
The b-axis curve exhibits a change in slope at 293.2 -
0.2°K. This temperature is  taken as the Curie temperature 
and is  in excellent agreement with that found from the mag­
netic measurements, which was 293.2 Î 0.4°K. 
The behavior of the c-axis resistivity in the vicinity 
of the Curie point is  probably associated with the diffuse 
transition to ferromagnetic ordering which takes place in 
gadolinium. The peak near the transition temperature is  
similar to that observed for terbium (3),  except that the peak 
is smaller and, of course, does not exhibit a change in slope 
at a second transition temperature. 
The temperature dependence of the resistivity at low 
temperatures was determined by plotting ln(f -^ e s) versus 
In T as shown in Figure 26. The slope of the straight l ine 
was found to be 4.05 for temperatures from 4.2°K to about 20°K. 
Thus the resistivity can be represented by f*(T) = AT^ in the 
temperature region below 20°K, in excellent agreement with 
the suggestion of Mackintosh (41).  This agreement may be 
somewhat fortuitous since no provision has been made to account 
for electron-phonon scattering in this temperature interval.  
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IX- APPENDIX 
A. Tabulation of Sample Impurities 
Table 2. Impurities in the gadolinium 
a- and c-axis b-axis sample 
Type of analysis Impurity samples (ppm) (ppm) 
Vacuum fusion N^ 100 145 
02 950 950 
5 10 
Spectrographic Ca  <50 < 50 
Mg  <200 «200 
Fe <1000 <100 
Si <200 <250 
Ta <1000 <1000 
Y <100 < 100 
Tb <100 < 100 
Eu <10 <100 
Sm <200 <200 
Er, Nd, Ni, Yb Trace 
Cu, Pb, Ta, W Faint Faint 
trace trace 
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B. Tabulation of the Magnetic Data 
Table 3. Low field experimental data for the b-axis crystal 
[magnetic fields are in oersteds] 
o H G H G H 
4.2°K 79.2 °K 130. 0°K 
77.08 0 79.05 0 78.56 0 
100.0 13 101.1 11 102.1 10 
118.4 32 122.7 25 124.6 22 
145.4 88 156.9 70 163.9 59 
155.5 172 172.2 126 188.8 120 
162.1 257 179.1 231 196.3 204 
167.4 340 184.3 314 202.2 286 
176.7 525 195.4 495 210.2 472 
183.2 704 203.3 673 213.3 657 
20.0°K 99.6° K 139. 2°K 
78.07 0 78.07 0 78.07 0 
99.64 14 101.4 11 102.5 9 
120.8 28 122.7 25 124.6 22 
146.1 87 161.0 63 165.1 57 
156.9 170 182.7 129 190.0 118 
162.0 258 189.6 214 197.0 203 
166.9 341 196.1 295 202.3 285 
176.3 525 206.9 477 208.4 475 
183.1 704 214.2 656 210.2 662 
40.0°K 119.6 °K 151. 1°K 
78.56 0 78.07 0 80.04 0 
101.1 11 102.5 9 103.5 8 
121.1 28 124.1 23 125.7 21 
145.9 87 163.3 60 165.5 56 
157.0 170 189.4 119 190.2 117 
163.0 256 196.6 203 196.8 203 
168.3 339 202.3 285 200.5 288 
178.0 523 212.8 468 205.1 480 
185.2 701 216.5 652 206.6 66 8 
60.0°K 120.5 °K 159. 9°K 
78.56 0 79.05 0 80.04 0 
100.0 13 101.4 11 104.3 6 
119.7 30 123.8 24 126.0 20 
149.5 81 163.0 6 0 167.1 54 
162.6 161 184.6 126 191.5 115 
168.7 247 192.4 210 195.8 205 
174.3 329 198.3 292 200.4 288 
185.0 512 208.7 474 203.2 483 
192.4 690 215.8 653 204.3 671 
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Table 3. ( Continued) 
o H o H o H 
170.4 °K 210.0°K 249. 7°K 
79.55 0 79.05 0 40.52 56 
102.8 9 103.9 3 51.77 89 
125.7 21 127.1 18 63.53 118 
166.0 55 158.3 67 83.20 185 
188.0 121 171.3 147 105.9 250 
191.5 211 173.1 243 121.4 321 
193.7 299 174.6 329 132.3 395 
197.4 492 177.4 523 139.8 583 
198.3 681 177.5 713 141.6 770 
179.6 °K 219. 9°K 260. 2°K 
78.56 0 78.56 0 32.12 70 
101.4 11 102.1 10 41.49 105 
125.2 21 121.1 28 50.23 139 
166.4 55 146.1 87 65.41 213 
185.0 126 161.6 162 82.27 287 
187.8 217 164.9 253 97.32 359 
189.8 305 167.2 340 112.5 426 
192.9 499 170.4 534 125.0 606 
193.9 688 170.6 724 127.9 791 
190.5 °K 229. 9°K 270.1 °K 
82.51 0 65.72 17 26.68 78 
105.7 4 82.62 40 32.98 118 
127.6 18 99.37 62 40.72 154 
165.0 57 125.6 119 53.01 233 
179.5 134 145.8 187 66.35 312 
181.6 227 154.4 270 79.09 388 
184.0 314 157.3 356 91.52 459 
187.4 508 161.4 549 107.8 633 
188.8 696 162.2 737 111.2 817 
200.6 °K 239. 4°K 279.6 °K 
79.05 0 52.87 37 20.75 87 
103.9 7 66.31 66 26.95 128 
126.2 20 81.45 90 32.04 168 
163.7 59 103.7 153 42.95 249 
176.5 139 125.4 219 52.95 333 
178.7 231 140.6 291 c. 3.15 413 
180.4 320 146.5 373 73.25 488 
183.1 515 151.9 564 87.40 665 
183.5 704 153.2 751 90.30 850 
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Table 3. (Continued) 
F H G H 
289.8 °K 294 .3°K 
14.33 98 2.96 115 
18.14 141 4.96 162 
22.26 183 5.97 209 
27.67 273 7.36 304 
31.85 366 9.42 401 
34.39 458 11.15 494 
36.63 545 12.93 583 
40.63 738 16.23 777 
43.87 923 19.41 962 
Table 4. High field experimental data for the b-axis crystal 
[magnetic fields are in kilo-oersteds] 
o H G H o H 
1.4°k 10. 0°k 30. Ï
4
 
o
 o
 
218.5 1.65 219.8 1.65 221.2 1.64 
257.5 3.59 258.0 3.58 256.8 3.59 
263.4 5.58 263.1 5.58 261.7 5.58 
265.5 8.57 265.4 8.57 263.7 8.58 
266.0 11.57 265.7 11.57 264.5 11.57 
266.0 14.57 265.9 14.57 264.7 14.57 
266.0 15.57 266.0 15.57 264.6 15.57 
266.1 16.07 266.1 16.07 264.7 16.07 
266.2 16.57 266.1 16.57 264.8 16.57 
266.2 17.07 266.1 17.07 264.8 17.07 
266.3 17.57 266.2 17.57 264.8 17.57 
4.2°k 20. l°k 39. 9°k 
219.8 1.65 220.4 1.65 225.5 1.64 
258.2 3.58 257.8 3.58 256.7 3.59 
263.7 5.58 262.9 5.58 260.2 5.58 
265.6 8.57 265.1 8.57 262.6 8.58 
266 - 0 11.57 265. 5 11.57 262.9 11.59 
266.1 14.57 265.6 14.57 263.1 14.58 
266.1 15.57 265.6 15.57 263.1 15.58 
266.2 16.07 265.6 16.07 263.2 16.08 
266.3 16.57 265.6 16.57 263.2 16.58 
266.3 17.07 265.7 17.07 263.3 17.08 
266.3 17.57 265.7 17.57 263.3 17.58 
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Table 4. (Continued) 
o H 
49.8°K 
230.6 1.  67 
255.6 3. 59 
258.7 5. 58 
260.5 8. 58 
260.8 11.  58 
261.1 14. 58 
261.1 15. 58 
261.1 16. 08 
261.2 16. 58 
261.2 17. 08 
261.3 17. 58 
59.9 °K 
237.2 1.  62 
254.0 3. 59 
256.8 5. 59 
257.9 8. 58 
258.2 11.  58 
258.5 14. 58 
258.4 15. 58 
258.4 16. 08 
258.5 16. 58 
258.5 17. 08 
258.6 17. 58 
79.4 °K 
242.1 1.  60 
248.9 3 .  60 
250.6 5. 60 
251.6 8. 59 
252.0 11.  59 
252.1 14. 59 
252.2 15. 59 
252.2 16. 09 
252.4 16 • 59 
252.3 17. 09 
252.4 17. 59 
101. 5°k 
238.5 1.  62 
241.4 3 .  61 
242.6 5. 61 
243.3 8. 61 
243.6 11.  61 
243.9 14. 61 
o H 
101.5°K (cont 
243.9 15.61 
244.0 16.11 
244.1 16 .61 
244.2 17.11 
244.3 17.61 
125.1 °K 
229.8 1.63 
231.5 3.63 
232.7 5.63 
233.3 8.62 
233.8 11.62 
234.1 14.62 
234.2 15.62 
234.2 16.12 
234.3 16.62 
234.3 17.12 
234.4 17.62 
149.4°K 
219.0 1.65 
220.3 3.65 
221.3 5.64 
222.2 8.64 
222.5 11.64 
223.0 14.64 
223.1 15.64 
223.2 16.14 
223.3 16 .64 
223.3 17.14 
223.6 17.64 
173.3°k 
209. 1 1 .66 
209. 6 3 .66 
209. 8 5 .66 
210. 6 8 .66 
211. 0 11 .66 
211. 4 14 .66 
211. 5 15 .  66 
211. 5 16 .16 
211. 7 16 .  66 
211. 8 17 .16 
211. 8 17 .66 
o H 
199. 5°k 
192.2 1. 69 
192.8 3. 69 
193.6 5. 69 
194.5 8. 69 
195.2 11. 69 
195.9 14. 68 
196.1 15. 68 
196.2 16. 18 
196.3 16. 68 
196.5 17. 18 
196.6 17. 68 
225 .  3°K 
173.7 1. 72 
174.6 3 .  72 
175.1 5. 72 
176.3 8. 72 
177.1 11. 72 
178.0 14. 71 
178.3 15. 71 
178.4 16. 21 
178.6 16. 71 
178.6 17. 21 
178.9 17. 71 
250. 8°k 
149.2 1. 76 
149.9 3. 76 
151.1 5. 76 
152.6 8. 75 
154.0 11. 75 
154.4 12. 75 
154.9 13. 75 
155.4 14. 75 
155.8 15. 75 
156.3 16. 75 
156.7 17. 75 
274.5 °k 
109.1 1. 82 
111.9 3. 82 
114.5 5. 82 
118.0 8. 81 
121.0 11. 81 
123.6 14. 80 
126.2 17. 80 
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Table 4. (Continued ) 
H a M a ri 
278.5°L 289.3°K 293.6°K (cont.) 
82.44 13.87 99.60 1.84 54.67 1.91 
103.2 3.83 66.99 3.89 
106.2 5.83 74.72 5.88 
110.5 8.82 83.31 8.87 
114.2 11.82 89.74 11.86 
115.2 12.81 91.52 12.85 
116.2 13.81 93.27 13.85 
117.2 14.81 94.86 14.85 
118.2 15.81 96.32 15.84 
119.1 16.81 97.71 16.84 
120.0 17.81 99.12 17.84 
281.9°K 291.0°k 
87.83 1.86 
92.76 3.85 
97.06 5.84 
102.5 8.83 
106.9 11.83 
108.1 12.83 
109.4 13.82 
110.6 14.82 
113.8 17.82 
284.4°K 
75. 75 1.  88 
83. 00 3. 87 
88. 56 5. 86 
94. 81 S. 85 
100. 2 11.  84 
104. 5 14. 83 
108. 2 17. 83 
287.5°k 
63. 86 1.  90 
73. 72 3. 88 
80. 55 5. 87 
88. 11 8.  86 
93. 93 11.  85 
95. 67 12. 85 
97. 25 13. 84 
98. 76 14. 84 
100. 1 15. 84 
100. 4 16. 84 
102. 7 17. 83 
45 .50 1. 93 
59 .89 3. 90 
68 .99 5. 89 
78 .41 8. 87 
85 .46 11. 86 
87 .31 12. 86 
89 .26 13. 86 
91 .04 14. 85 
92 .64 15. 85 
94 .16 16. 85 
95 .67 17. 85 
292 .  7°K 
36 .65 1. 94 
52 .68 3. 92 
62 .83 5. 90 
73 .25 8. 88 
80 .94 11. 87 
82 .93 12. 87 
84 .89 13. 86 
86 .87 14. 86 
88 .60 15. 86 
90 .23 16. 85 
91 .85 17. 85 
293 .6°k 
31 .95 1. 95 
48 .52 3. 92 
59 .11 5. 90 
70 .  06 8. 89 
78 .03 11. 87 
84. 43 14.86 
86. 27 15.86 
87. 95 16.86 
89. 64 17.86 
295. 4°K 
23. 63 1.96 
39. 65 3.94 
51. 04 5.92 
62. 80 8.90 
71. 74 11.88 
74. 10 12.88 
76. 38 13.88 
78. 55 14.87 
80. 53 15.87 
82. 42 16.87 
84. 20 17.86 
300. 4°k 
15. 43 1.98 
27. 95 3.96 
38. 30 5.94 
50. 72 8.92 
59. 74 11.90 
67. 38 14.89 
73. 75 17.88 
310 .2°K 
9. 46 1.98 
17. 81 3.97 
25. 84 5.96 
36. 45 8.94 
45. 83 11.93 
53. 83 14.91 
56. 17 15.91 
57. 30 16.41 
58. 47 16.91 
80.21 12.87 
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Tahlç 4. (Continued) 
c H o H o H 
320.6°] 330. 3°k (cont.) 360. 6°k 
5.77 1.99 22.16 11.96 1.99 2.00 
10.73 3.98 27.32 14.96 3.95 3.99 
15.85 5.97 32.37 17.95 5.76 5.99 
23.25 8.96 n 8.57 8.99 
30.34 11.95 340. 6 k 11.36 11.98 
36.94 14.94 3.23 1.99 14.16 14.98 
38.95 15.94 5.91 3.99 15.06 15.98 
40.98 16.93 8.57 5.99 15.99 16.97 
43.03 17.93 12.76 8.98 16.92 17.97 
330.3°1 16.91 11.97 V 20.97 14.97 
4.15 1.99 22.29 15.96 
7.71 3.99 23.61 16.96 
11.38 5.98 24.95 17.96 
16.80 8.97 
Table 5. Low field experimental data for the a-axis crystal 
[magnetic fields are in . oersteds J 
o H o H 0 h 
4.2°k 38. 7°k 79.1 °k 
65.81 4 67.58 1 69.34 0 
87.49 16 88.76 14 90.03 12 
106.1 31 108.7 27 109.7 25 
133.3 81 133.9 80 143.0 64 
146.0 159 146.9 157 160.7 133 
153.4 242 153.4 242 168.2 216 
159.7 322 159.2 323 175.4 294 
169.7 503 170.4 502 187.0 473 
177.2 680 178.5 678 196.2 647 
0 
20.0 k 59. 8°k 100. 4°k 
67.14 2 67.58 1 68.46 0 
89.08 13 88.76 14 89.08 13 
108.2 28 109.2 26 109.5 25 
133.9 80 138.1 73 145.7 60 
146.7 158 151.8 149 168.6 119 
153.1 243 158.9 232 177.9 199 
158.7 324 165.3 312 185.1 277 
169.2 504 176.7 491 197.0 455 
176.7 681 185.3 666 205.3 631 
Table 5. (Continued) 
0 H 0 H o H 
119.9 °K 199 1 .3°k 249. 
68.91 0 68.02 0 36.66 55 
91.30 9 89.71 12 17.87 86 
111.6 22 110.7 23 59.70 113 
149.8 52 148.2 55 78.53 178 
177.5 104 167.8 121 98.31 243 
185.9 185 173.1 207 115.6 309 
192.8 264 175.9 293 128.8 376 
203.8 443 179.8 486 137.8 559 
210.1 622 180.7 674 140.7 744 
140.2 °K 212. 0°k 258. o°k 
69.34 0 68.02 0 31.36 65 
91.61 9 90.66 10 40.26 99 
112.9 19 112.1 21 49.02 132 
149.8 52 142.0 66 64.24 203 
179.8 100 160.5 134 81.24 273 
188.6 180 165.6 221 95.80 343 
194.9 260 168.3 307 110.1 409 
203.5 444 171.9 499 125.0 582 
206.9 628 174.0 6 86 128.4 766 
158. 7°K 224. 2°k 269. 8°& 
69.34 0 60.51 14 24.73 77 
91.93 8 82.42 25 31.06 115 
112.6 20 99.02 44 38.35 151 
150.2 52 126.9 93 50.75 227 
179.6 100 148.1 155 64.04 303 
187.7 182 156.9 236 76.60 377 
192.8 264 160.4 321 88.60 447 
198.4 453 165.2 511 106.2 615 
200.7 639 167.0 698 110.5 798 
189. 8°k 236.3 °k 277. 9°k 
68.91 0 46.38 38 21.64 82 
91.30 9 61.50 62 26.94 123 
112.6 20 74.51 87 33.01 160 
150.8 51 99.09 142 42.24 242 
173.3 111 120.1 205 53.37 322 
178.2 198 136.2 276 63.46 400 
180.8 285 144.1 349 73.50 474 
185.2 476 151.0 536 89.09 645 
186.4 664 152.8 723 92.89 829 
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Table 5. Continued 
a H a H o H 
286 .2°K 296.8°K 
14.58 94 2.65 115 
19.02 137 4.12 163 
24.51 175 4.85 209 
33.08 258 6.42 305 
41.63 333 8.30 401 
56.93 503 11.56 583 
61.58 694 14.78 776 
63.64 880 17.94 960 
Table 6. High field experimental data for the a-axis crystal 
[Magnetic fields are in kilo-oersteds] 
o H 
4.2°K 
215. 2 1. 62 
256. 6 3. 55 
262. 9 5. 54 
265. 0 8. 53 
265. 2 9. 53 
265. 5 10. 53 
265. 7 11. 53 
265. 9 12. 53 
266. 2 13. 53 
266. 3 14. 53 
266. 4 15. 53 
266. 4 16. 53 
266. 4 17. 53 
15. 0°K 
215. 5 1. 62 
256. 7 3. 55 
262. 6 5. 54 
264. 7 8. 53 
264. 8 9. 53 
265. 1 10. 53 
265. 3 11. 53 
265. 6 12. 53 
265. 8 13. 53 
265. 9 14. 53 
266. 0 15. 53 
266. 1 16. 53 
266. 1 17. 53 
a H 
20.0°K 
216 .0 1.  62 
256 .6 3. 55 
262 .4 5. 54 
264 .5 8. 53 
264 .4 9. 53 
264 .8 10. 53 
265 .0 11. 53 
265 .2 12. 53 
265 .5 13. 53 
265 .6 14. 53 
265 .7 15. 53 
265 .8 16. 53 
265 .  6 17. 53 
25 .  0°K 
216 .0 1.  62 
256 .4 3. 55 
262 .1 5. 54 
263 .9 8. 54 
264 .2 9. 54 
264 .4 10. 53 
264 .6 11. 53 
264 .9 12. 53 
265 .1 13. 53 
265 .3 14. 53 
265 .3 15. 53 
265 .4 16. 53 
265 .4 17. 53 
o H 
35.0°K 
218 .1 1.  62 
256 .6 3. 55 
261 .0 5. 54 
263 .0 8. 54 
262 .8 9. 54 
263 .2 10. 54 
263 .4 11. 54 
263 .7 12. 54 
263 .9 13. 54 
264 .0 14. 54 
264 .1 15. 54 
264 .2 16. 54 
264 .2 17. 53 
40. 0°K 
219 .2 1.  61 
256 .1 3. 55 
260 .3 5. 54 
262 .0 8. 54 
262 .0 9. 54 
262 .3 10. 54 
262 .5 11. 54 
262 .7 12. 54 
263 .0 13. 54 
263 .1 14. 54 
263 .2 15. 54 
263 .3 16. 54 
263 .4 17. 54 
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Table 6. (Continued) 
o H o h o H 
<5.0 °K 69. 6° K 99.9°K 
222.4 1.61 235.3 1.59 237.4 1.58 
256.6 3.55 252.5 3.56 243.8 3.57 
259.4 5.54 253.6 5.55 243.2 5.57 
261.1 8.54 254.3 8.55 243.6 8.57 
261.2 9.54 254.2 9.55 243.6 9.57 
261.4 10.54 254.5 10.55 243.8 10.57 
261.6 11.54 254.6 11.55 243.8 11.57 
261.8 12.54 254.8 12.55 244.1 12.57 
262.0 13.54 255.0 13.55 244.2 13.57 
262.1 14.54 255.1 14.55 244.4 14.57 
262.3 15.54 255.2 15.55 244.5 15.57 
262.3 16.54 255.4 16.55 244.6 16.57 
262.4 17.54 255.3 17.55 244.7 17.57 
50.0 °K 79. 5°] a 112.6°i 
223.9 1.61 238.4 1.58 233.7 1.59 
256.0 3.55 250.0 3.56 238.9 3.58 
258.6 5.54 250.2 5.56 238.3 5.58 
260.0 8.54 251.2 8.56 238.6 8.58 
259.9 9.54 251.2 9.56 238.5 9.58 
260.4 11.54 251.4 10.56 238.8 10.58 
260.6 12.54 251.5 11.56 238.9 11.58 
260.8 13.54 251.7 12.56 239.1 12.58 
260.8 14.54 251.9 13.56 239.3 13.58 
261.0 15.54 252.0 14.56 239.4 14.58 
261.1 16.54 252.1 15.56 239.5 15.58 
261.2 17.54 252.2 16.56 239.6 16.58 
252.3 17.56 239.6 17.58 
59.6 °K 89. 8°1 125.4°k 
255.0 3.55 239.2 1.58 229.3 1.60 
256.2 5.55 247.2 3.56 233.6 3.59 
257.3 8.55 247.1 5.57 233.0 5.59 
257.4 9.55 247.5 8.56 233.1 8.59 
257.6 10.55 247.5 9.56 233.1 9.59 
257.8 11.55 247.5 10.56 233.3 10.59 
257.6 12.55 247.8 11.56 233.4 11.59 
258.2 13.55 248.0 12.56 233.6 12.59 
258.4 14.55 248.1 13.56 233.8 13.59 
258.5 15.55 248.2 14.56 234.0 14.59 
258.6 16.54 248.4 15.56 234.1 15.59 
258.6 17.54 248.5 16.56 234.2 16.59 
248.6 17.56 244.2 17.59 
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Table 6. (Continued) 
a H o H o I 
138.1°K 174.7°K 224.2°K 
206.8 1.64 
209.4 3.63 
208.6 5.63 
208.9 8.63 
209.0 9.63 
209.3 10.63 
209.4 11.63 
209.5 12.63 
209.8 13.63 
209.9 14.63 
210.1 15.63 
210.2 16.63 
210.4 17.63 
187.6°K 
224. 2 1 .61 
227. 8 3 .60 
227. 1 5 .60 
227. 2 8 .60 
227. 3 9 .60 
227. 5 10 .60 
227. 6 11 .60 
227. 8 12 .60 
228. 1 13 .60 
228. 2 14 .60 
228. 4 15 .60 
228. 5 16 .60 
228. 6 17 
o 
.60 
150. 2 K 
219. 2 1 .61 
222. 1 3 .61 
221. 3 5 .61 
221. 6 8 .61 
221. 5 9 .61 
221. 7 10 .61 
221. 9 11 .61 
222. 0 12 .61 
222. 3 13 .61 
222. 4 14 .61 
222. 6 15 .61 
222. 7 16 .61 
222. 8 17 .61 
161.8°K 
213.4 1.62 
216.2 3.62 
215.8 8.62 
215.8 9.62 
216.0 10.62 
216.1 11.62 
216.2 12.62 
216.4 13.62 
216.6 14.62 
216.7 15.62 
216.9 16.62 
217.2 17.62 
199 .3 1. 65 
201 .7 3. 65 
201 .0 5. 65 
201 .3 8. 65 
201 .4 9. 65 
201 .6 10. 65 
201 .8 11. 64 
202 .1 12. 64 
202 .4 13. 64 
202 .5 14. 64 
202 .7 15. 64 
202 .9 16. 64 
203 .1 17. 64 
201.: 2°K 
191 .2 1. 66 
193 .4 3. 66 
193 .0 8. 66 
193 .2 9. 66 
193 .4 10. 66 
193 .6 11. 66 
193 .9 12. 66 
194 .2 13. 66 
194 .4 14. 66 
194 .  6 15. 66 
194 .8 16. 66 
195 .  3 17. 66 
174.4 1. 69 
176.7 3. 69 
176.3 5. 69 
177.1 8. 69 
178.1 11. 69 
179.1 14. 68 
179.9 17. 68 
249 .4°K 
149.4 1. 73 
152.1 3. 73 
152.3 5. 73 
153.6 8. 73 
155.0 11. 73 
156.3 14. 72 
157.6 17. 72 
296 .8°k 
31.6 1. 94 
48.4 3. 91 
58.9 5. 90 
69.9 8. 88 
78.0 11. 86 
44.2 14. 85 
8J .4 17. 84 
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Table 7. Low field experimental data for the c-axis crystal 
a H a H a H 
4.2°k 59.8°k 121.l°k 
67.31 2 69.06 0 69.06 0 
88.77 14 90.97 10 90.03 12 
111.4 22 111.6 22 110.2 24 
147.8 56 152.2 48 129.2 89 
187.6 96 184.1 102 141.8 176 
205.9 241 199.7 252 158.3 324 
220.3 414 211.3 430 173.4 497 
229.6 588 219.8 605 185.6 665 
11.9°K 78.9°K 129.5°K 
67.31 2 66.88 2 68.19 0 
90.03 12 90.03 12 90.03 12 
113.3 19 112.1 21 109.2 26 
152.2 48 152.2 48 125.4 95 
191.2 89 174.1 120 137.7 184 
207.0 239 188.4 271 154.5 331 
220.3 414 201.0 448 170.2 502 
229.3 588 210.1 622 189.2 670 
20.0°k 95.l°k 140.6°k 
66.00 4 68.62 0 65.57 5 
90.34 11 90.66 10 87.84 15 
113.3 19 113.1 19 102.5 38 
151.9 49 148.9 54 119.0 107 
191.8 89 162.2 141 131.4 197 
208.2 237 176.5 292 149.6 340 
220.5 414 189.8 468 166.1 510 
229.1 589 199.9 640 179.6 676 
4 0.4 °k 107.5°k 149.6°k 
66.88 2 68.19 0 67.31 2 
89.72 12 89.09 13 86.58 18 
113.1 19 112.1 21 98.92 44 
152.2 48 139.5 70 116.0 112 
191.0 90 151.3 160 129.4 198 
207.2 238 167.0 309 148.2 342 
218.4 418 181.1 483 165.0 512 
226.5 593 192.4 653 178.9 677 
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Table 7. (Continued) 
c H a H o H 
160.2°lv 199.0°K 241.4°k 
64.25 7 65.13 5 66.87 2 
84.07 22 85.64 19 89.09 13 
95.32 50 100.6 41 111.2 22 
113.1 117 121.6 102 140.6 69 
127.2 202 139.6 180 146.4 170 
146.9 344 161.6 319 149.8 339 
164.4 513 171.7 500 151.5 535 
178.7 677 175.7 683 151.7 725 
169.9°K 211.9°K 260.2°k 
64.69 6 66.00 4 68.62 0 
81.88 26 90.35 11 91.29 9 
93.64 54 109.5 25 111.9 21 
111.9 119 133.3 81 126.2 94 
126.9 203 152.2 158 128.8 199 
147.8 343 164.3 314 130.4 373 
166.2 509 169.5 504 131.0 571 
179.7 676 171.4 690 130.6 762 
179.8°k 216.6°k 270.4°k 
63.38 6 67.31 2 68.19 0 
81.56 26 88.78 14 88.15 15 
94.36 52 111.2 22 106.6 30 
113.1 117 138.6 72 113.8 116 
129.5 198 155.9 152 114.1 225 
150.7 338 164.5 313 114.8 401 
169.7 503 168.3 507 115.2 599 
179.5 676 169.6 694 114.9 790 
189.4°k 221.3°k 275.5°k 
66.00 4 68.62 0 67.31 2 
83.76 23 89.40 13 87.52 16 
97.00 47 111.6 22 102.0 38 
115.4 113 145.1 61 106.9 128 
132.2 193 157.3 149 107.8 236 
155.6 329 163.8 315 107.5 414 
171.8 500 166.2 509 108.0 612 
178.9 677 167.2 696 108.3 801 
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Table 7. (Continued) 
o H H H 
280.2 K 289.9°k 313.9k 
6 6 . 8 8  2  
85.01 20 
88.84 62 
91.21 155 
91.08 266 
91.78 441 
91.96 640 
91.70 831 
285.6°k 
63.38 8 
67.76 51 
70.35 94 
70.87 191 
71.08 301 
71.35 478 
71.95 675 
72.12 865 
25. 35 75 
29. 17 119 
30. 25 165 
33. 21 258 
35. 60 363 
39. 87 533 
42. 62 727 
45. 00 913 
300. 4°k 
1.  74 117 
2. 19 166 
2. 40 214 
3. 01 311 
4. 06 419 
5. 56 593 
7. 18 789 
8. 83 976 
2.18 116 
2.82 165 
1.68 215 
1.43 303 
1.92 423 
2.36 599 
2.99 797 
3.43 986 
Table 8. High field experimental data for the c-axis crystal 
[magnetic fields are in kilo-oersteds] 
G K o H o li  
0 14 0 0 4.;  ;  k .7 k 20.0 1 
258.6 1.54 258.7 1.54 258.0 1.55 
264.8 3.53 264.6 3.53 263.7 3.54 
266.4 5.53 265.9 5.53 265.1 5.53 
266.8 8.53 2 6 6 . 3  8.53 265.8 8.53 
266.5 9.53 266.2 9.53 265.8 9.53 
266.7 10.53 266.4 10.53 266.0 10.53 
266.8 11.53 266.4 11.53 266.1 11.53 
267.0 12.53 266.6 12.53 266.3 12.53 
267.1 13.53 266.7 13.53 266.4 13.53 
267.2 14.53 266.8 14.53 266.5 14.53 
267.2 15.53 266.9 15.53 266.5 15.53 
267.3 16 • 53 267.0 16.53 266.6 16.53 
267.3 17.53 267.0 17.53 266.7 17.53 
Table 8. (Continued) 
o H a H o H 
25.1°k 
258 .1 1. 55 
263 .9 3. 54 
265 .4 5. 53 
265 .6 8. 53 
265 .5 9. 53 
265 .7 10. 53 
265 .8 11. 53 
266 .0 12. 53 
266 .1 13. 53 
266 .1 14. 53 
266 .2 15. 53 
266 .3 16. 53 
266 .3 17. 53 
30. 5°k 
257 .5 1. 55 
262 .9 3. 54 
264 .7 5. 53 
264 .9 8. 53 
264 .8 9. 53 
265 .0 10. 53 
265 .1 11. 53 
265 .3 12. 53 
265 .4 13. 53 
265 .5 14. 53 
265 .7 16.  53 
265 .7 17. 53 
35. 
O O 
2  56 .7 1. 55 
262 .7 3. 54 
264 .3 5. 54 
264 .2 8. 54 
264 .1 9. 54 
264 .4 10. 53 
264 .5 11. 53 
264 • 6 12. 53 
264 .8 13. 53 
264 .8 14. 53 
264 .9 15. 53 
265 .0 16. 53 
265 .0 17. 53 
38.0°k 
256 .1 1. 55 
261 .7 3. 54 
263 .5 5. 54 
263 .6 8. 54 
263 .4 9.  54 
263 .8 10. 54 
263 .9  11. 54 
264 .0 12. 54 
264 .2 13. 53 
264 .4 14. 53 
264 .4 15. 53 
264 .5 16. 53 
264 .5 17. 53 
41 .0°k 
255 .4 1. 55 
261 .3 3. 54 
263 .0 5. 54 
263 .4 8. 54 
263 .1 9.  54 
263 .3 10. 54 
263 .5 11. 54 
263 .  6 12. 54 
263 .8 13. 54 
263 .9  15. 54 
264 .0 16. 54 
264 .1 17. 54 
0 44. 0 K 
254 .7 1. 55 
260 .5 3. 54 
262 .2 5. 54 
262 .  6 8. 54 
262 .  6 9. 54 
262 .  7 10. 54 
262 .8 11. 54 
263 .0 12. 54 
263 .2 13. 54 
263 .3 14.  54 
263 .4 15. 54 
263 .4 16. 54 
263 .5 17. 54 
45.0°k 
260 .5 3. 54 
262 .1 5. 54 
262 .5 8. 54 
262 .4 9. 54 
262 .7 10. 54 
262 .  6  11. 54 
262 .8 12.  54 
263 .0 13. 54 
263 .1 14. 54 
263 .1 15. 54 
263 .2  16. 54 
263 .3 17. 54 
o 
46 .01  
254 .0 1. 55 
260 .0 3. 54 
261 .5 5. 54 
262 .  3 8. 54 
262 .0 9. 54 
262 .3 10. 54 
262 .4 11. 54 
262 .  6 12. 54 
262 .8 13. 54 
263 .0 15. 54 
263 .0 16.  54 
263 .1 17. 54 
48. 0°k 
253 .2 1. 55 
259 .5 3. 54 
261 .  3 5. 54 
261 .9 8. 54 
261 .7 9. 54 
261 .9 10. 54 
262 .0 11. 54 
262 .1 12. 54 
262 .4 13. 54 
262 .4 14. 54 
262 .5 15. 54 
262 • 6 16. 54 
262 .7 17. 54 
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Table 8. (Continued) 
G H o H o H 
50. 0°] C 64. 9°k 89.8°k 
253.4 1.55 248.9 1.56 239.2 1.58 
259.2 3.54 255.2 3.55 246.3 3.57 
260.9 5.54 256.9 5.55 248.0 5.56 
261.4 8.54 257.0 8.55 248.5 8.56 
261.3 9.54 257.1 9.55 248.2 9.56 
261.5 10.54 257.2 10.55 248.5 10.56 
261.8 11.54 257.3 11.55 248.7 11.56 
262.0 12.54 257.5 12.55 248.9 12.56 
262.1 13.54 257.7 13.55 249.1 13.56 
262.2 14.54 257.8 14.55 249.2 14.56 
262.3 15.54 257.9 15.55 249.3 15.56 
262.3 16.54 258.0 16.55 249.4 16.56 
262.3 17.54 258.0 17.55 249.4 17.56 
55. 0°1 69. 5°K 99.8°t 
252.0 1.56 247.2 1.56 234.6 1.59 
258.1 3.55 253.3 3.55 241.1 3.58 
259.8 5.54 255.0 5.55 243.7 5.57 
259.9 8.54 255.6 8.55 244.5 8.57 
259.9 9.54 255.6 9.55 244.5 9.57 
260.3 10.54 255.8 10.55 244.6 10.57 
260.4 11.54 255.9 11.55 244.8 11.57 
260.6 12.54 256.1 12.55 244.9 12.57 
260.8 13.54 256.3 13.55 245.1 13.57 
260.9 14.54 256.4 14.55 245.2 14.57 
261.0 15.54 256.5 15.55 245.4 15.57 
261.0 16.54 256.6 16.55 245.5 16.57 
261.0 17.54 256.7 17.55 245.6 17.57 
59.9°k 
250 .8 1. 56 
256 .8 3. 55 
258 .4 5. 55 
358 .  6 8. 54 
358 .  6 9. 54 
25S .8 10. 54 
259 .0 11. 54 
359 .2 12. 54 
359 .4 13. 54 
359 .5 14. 54 
359 • 6 15. 54 
359 .6 16. 54 
359 .8 17. 54 
79 5°k 112 ,6°k 
341.3 1.53 339.7 1.60 
249.4 3.56 237.0 3.53 
251.6 5.56 238.6 5.58 
252.3 8.56 239.2 3. 58 
253.7 11.56 239.1 9.58 
353.8 13.56 339.3 10.53 
352.3 13.56 339.5 11.53 
353.9 14.55 239.7 13.58 
353.0 15.55 239.8 13.58 
353.4 16.55 240.0 14.58 
353.4 17.55 240.1 15.58 
240.2 16.58 
240.3 17.58 
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Table 8. (Continued) 
o H o li  o H 
125. ,1°K 
224.0 1 .61 
231.4 3 .59 
233.2 5 .59 
233.5 8 .59 
233.6 9 .59 
233.9 10 .59 
234.0 11 .59 
234.2 12 .59 
234.4 13 .59 
234.6 14 .59 
234.7 15 .59 
234.8 16 .59 
234 .v 17 .  59 
137. 9^K 
219.4 1 .61 
225.9 3 .60 
227.4 5 .60 
227.7 8 .60 
227.8 9 .60 
228.1 10 .60 
228.2 11 .60 
228.4 12 .60 
328.6 13 .60 
228.7 14 .60 
228.9 15 .  60 
229.0 16 .60 
229.2 17 .60 
149. 9°k 
214.2 1 .62 
219.9 3 .61 
321.5 5 .61 
222.1 8 .61 
222.0 9, .61 
222.3 10, .61 
233.4 11. .61 
222.7 12, .61 
222.9 13, .61 
223.0 14. .61 
223.2 15. .61 
223.4 16. .61 
223.5 17. .  61 
161. 9°K 
209.7 1 .63 
214.8 3 .62 
215.7 5 .62 
216.1 8 .62 
216.1 9 .62 
216.4 10 .62 
216.6 11 .62 
216.7 12 .62 
217.0 13 .62 
217.2 14 .62 
217.3 15 .62 
217.5 16 .62 
217.6 17 .  6 
175. o
 o
 
M
 
303.5 1 .64 
207.4 3 .63 
208.6 5 .63 
309.0 8 .63 
209.0 9 .63 
209.3 10 .63 
209.4 11 .63 
209.7 12 .  63 
209.9 13 .63 
210.0 14 .63 
210.2 15 .63 
210.4 16 .63 
210.6 17 .63 0 185. 5 k 
198.2 1 .65 
201.5 3 .  6 5 
203.3 5 .64 
203.2 8. .64 
203.3 9, .64 
203.5 10, .64 
203.6 11. .64 
303.8 12, .64 
304.1 13. .64 
204.3 14. .64 
204.5 15. .64 
204.6 16. .64 
204.8 17. .64 
199. 6°K 
191. 8 1.66 
194. .0 3.66 
194, ,8 5.66 
195. ,2 8. 66 
196. 0 11.66 
196. .5 14.65 
197. .1 17.65 
226 .0°K 
173. .  6  1.69 
174. 9 3.69 
175. 6 5.69 
176. 5 8.69 
177. 3 11.69 
178. 2 14.69 
179. 1 17.68 
250 .9°k 
149. 5 1.73 
150. 4 3.73 
151. 3 5.73 
152. 7 8.73 
154. 1 11.73 
155. 5 14.73 
156. 7 17.72 
274 .6°K 
111. 3 1.80 
113. 3.80 
115. 8 5.80 
118. S 8.79 
121. 9 11.79 
124. 7 14.78 
126. 9 17.78 
295 .  4°k 
31. 73 1.94 
47. 81 3.92 
58. 15 5.90 
68. 75 8.88 
76. 85 11.86 
83. 10 14.85 
83. 34 17.84 
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Table 9. Inverse paramagnetic susceptibility per gram for 
V li C V* t#* W * —L_/ W A J "W w 
T°K 1 / xg 
T°K 1 / xg T°k £> 
356.0  0 .913 572.5 5.02 774.5 9.03 
385.6 1.43 602.2  5.62 796.7  9 .47 
410.0 1.90 619.1 5.94 824.7 10.03 
445.9 2.53 652.8  6.62 850.9  10.56 
467.9 2.96 672.8  7 .02 877.2 11.07 
496.2 3.51 692.9  7.42 
520.6 3.99 722.5  8 .00 
548.3  4.54 744.3  8 .42 
Table 10. Inverse paramagnetic susceptibility per £ ram for 
the c-axis crystal 
T°K l/Xg T°K l/Xg T°k l/Xg 
351.3 0.836 
373.8  1.22 
404.3  1 .76 
430.9  2 .24 
461.9 2.83 
486.2  3 .30 
513.4 3.84 
536.2  4 .29 
560.8  4 .80 
591.2  5 .39 
611.2  5 .79 
633.7  6 .23 
662.1  6 .80 
683.2  7 .19 
705.6  7 .63 
732.1  8.14 
759. 3 8. 68 
782. 7 9. 14 
809.  5 9. 67 
835.  9 10. 20 
861. 0 10. 69 
900.  7 11. 47 
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Table 11- Spontaneous and saturation magnetic moment per 
11 1 - ' - _ ^ wL ^  1 
t\ J. CX 11 i 1 V -L I liC V - V* .Zv -L kj <, .r. y w V -à-
T a 
°0,T b OO j T  
T 
°0,T °co,T 
1.4 265.4 267.0 173.3 209.6 313.3 
4.2 265.4 267.0 199.5 192.1 199.0 
10.0 264.8 266.8 225.3 173.5 182.2 
20.1 264.3 266.2 250.8 148.5 
30.0 263.8 265.3 274.5 108.0 
39.9 262.0 263.8 281.9 88.2 
49.8 260.1 261.9 284.4 76.3 
59.9 257.3 259.1 287.5 64.8 
79.4 253.1 245.0 289.3 56.4 
101.2 242.5 245.0 291.0 43.6 
125.1 233.2 235.3 292.7 34.5 
149.4 220.7 225.3 
aData obtained from Figures 10 and 12. 
^ D a t a  obtained by extrapolation to l/H = 0. 
Table 12. Saturation magnetic moment per gram for the a-axis 
crystal 
T CT 3 T o m T a OO ,T °°» T oo, t  
4.2 268.2 59.6 260.2 150.2 334.7 
15.0 267.8 69.6 256.8 161.8 219.1 
20.0 267.6 79.5 253.6 174.7 212.3 
25.0 367.2 89.8 249.9 187.6 205.6 
35.0 266.0 99.9 346 .1 201.2 197.4 
40.0 265.1 112.6 341.0 224.3 183.5 
45.0 363.9 125.4 335.6 349.4 163.4 
50.0 262.7 138.1 230.4 
aData obtained by extrapolation to l/H = 0. 
Table 13. Saturation magnetic moment per gram for the c-axis 
crystal 
T a a T o T o ^ „ 
oo, t  oo, r oo, T 
4.2 368.3 48.0 263.8 125.1 236.7 
14.7 268.0 50.0 263.7 137.9 231.0 
20.0 367.7 55.0 262.4 149.9 225.5 
25.1 267.3 59.9 261.1 161.9 219.7 
30.5 266.8 64.9 259.4 175.0 213.1 
35.0 266.2 69.5 258.0 185.5 207.2 
38.0 265.7 79.5 254.7 199.6 199.3 
41.0 265.2 89.8 250.9 226.0 182.6 
44.0 264.6 99.8 247.0 250.9 161.7 
45.0 264.3 112.6 242.0 274.6 136.2 
46.0 264.4 
aData obtained by extrapolation to l/H = 0. 
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0 = Tabulation of the Resistivity Data 
Table 14. Electrical resistivity as a function of temperature 
for the current flowing parallel to a b-axis 
f " f r e s  T ° K  f -  4 s  T ° K  4 e s  T ° L  
0.00 4.8 58.06 131.6 128.96 290.4 
0.03 5.0 60.82 136.9 129.09 290.8 
0.04 5.7 63.58 142.4 129.26 291.4 
0.04 6.5 66.36 147.8 129.35 291.7 
0.04 6.8 69.35 153.5 129.46 392.0 
0.05 7.5 72.02 158.9 129.64 292.7 
0.06 8.4 74.58 163.9 130.02 295.3 
0.07 9.3 77.45 169.6 130.68 301.3 
0.13 10.9 80.24 175.0 131.21 306.9 
0.32 13.8 83.17 181.0 131.91 315.1 
0.56 16.6 85.75 186.2 132.45 331.5 
1.22 31.0 88.72 192.0 133.08 328.9 
1.91 34.8 91.54 197.6 133.64 335.8 
3.23 29.3 94.24 203.0 134.27 343.2 
4.88 33.6 97.16 208.7 134.89 350.5 
7.65 39.8 100.11 314.4 135.68 360.0 
10.85 46.2 103.02 219.8 136.45 369.6 
13.35 51.0 106.07 225.8 137.27 379.6 
16.04 55.8 108.50 231.2 
19.07 61.0 110.84 236.8 
21.75 65.6 113.10 242.5 
24.36 70.1 115.16 248.0 
26.86 74.4 117.32 253.9 
28.74 77.6 119.33 259.6 134.86 350.6 
31.30 82.1 121.30 265.4 131.95 315.3 
33.80 86.7 123.08 271.0 131.27 307.3 
36.60 91.6 124.89 277.0 130.71 301.4 
39.14 96.1 126.55 282.5 130.03 395.3 
41.76 100.8 127.68 286.3 129.66 392.7 
44.13 105.2 138.34 288.5 129.55 393.1 
46.70 109.9 138.52 289.1 139.09 390.3 
49.61 115-4 138.62 389.4 138.41 388.6 
52.43 130.8 138.76 389.S 137.14 384.4 
55.30 136.0 138.86 290.1 134.63 376.7 
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Table 15. Electrical resistivity as a function of temperature 
for the current flowing narailel to thp r.-axis 
^ res 
T°K f- 4s T°k ^ -£es T°K 
0 4.48 81.73 191.8 116.30 331.7 
0 4.70 84.79 197.4 116.16 336.2 
0 5.13 87.84 203.0 116.12 340.9 
0 6.07 90.80 208.5 116.13 345.3 
0.01 6.52 93.78 214.5 116.15 350.2 
0.01 6.75 96.48 219.8 116.20 356.1 
0.02 7.59 99.39 225.6 116.27 360.4 
0.05 8.93 102.27 331.6 116.41 366.4 
0.07 10.45 104.77 237.1 116.57 371.0 
0.20 13.72 107.12 242.6 116.68 374.2 
0.41 16.49 109.37 248.2 
0.89 19.4 111.52 254.0 
1.24 23.5 113.46 259.7 
2.60 39.7 115.02 265.3 
4.95 37.3 116.54 271.2 
7.81 45.0 116.93 273.0 117.68 307.4 
10.73 51.9 117.92 278.9 118.18 301.8 
13.38 58.1 118.64 284.0 118.73 296.2 
15.49 62.5 118.87 286.8 119.03 291.5 
18.37 68.8 118.89 287.4 118.97 290.3 
21.08 74.5 118.95 288.3 118.95 289.3 
33.82 80.3 119.03 290.0 118.77 286.4 
25.69 86.0 119.03 290.4 118.08 380.7 
28.77 90.6 119.07 391.0 117.18 275.0 
31.11 95.3 119.08 291.3 115.95 269.1 
33.23 99.6 119.08 291.6 
35.44 104.0 119.08 291.9 
37.58 108.4 119.06 292.2 
39.74 112.8 119.04 292.6 
42.01 117.2 118.96 393.0 
44.21 131.5 118.96 393.3 33.59 77.4 
46.69 126.4 118.89 293.9 60.83 153.1 
49.34 131.5 118.81 294.6 116.07 369.0 
52.19 136.5 118.74 295.3 117.25 274.8 
55.02 143.1 118.62 296.7 118.18 280.4 
57.96 147.9 118.46 298.1 118.80 386.3 
60.83 153.3 118.33 299.5 118.95 289.1 
63.80 158.8 118.02 302.1 119.01 390.0 
66.77 164.3 117.55 307.4 119.01 291.2 
69.58 109.3 117.14 312.7 118.83 295.5 
72.59 174.8 116.92 316.4 118.20 301.4 
75.73 180.7 116.56 323.0 117.72 306.9 
78.80 186.2 116.37 328.2 117.28 313.0 
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D. Discussion of Errors 
From Equation 4.2, i t  can be seen that the error in the 
measurement of the magnetic moment per gram is given by 
&2- = [(f)2  • O2  » (f)2  • (f)2J* (9.1) 
where 
P = dH/dZ .  
The estimated error in the acceleration due to gravity, g, 
is 0.01% and can be considered negligible. The masses of the 
samples were determined with a semi-micro balance reading to 
0.01 mg, and m was 60 mg or greater, so the estimated error in 
m is less than 0.1%. 
The field gradient was calibrated from 0 to 1000 oersteds 
with Permalloy 78, and the gradient was calibrated in the 
region from 2,000 to 18,000 oersteds using a sample of high 
purity iron with an assumed saturation magnetic moment at 
293°K of 217.75 cgs units per gram. It  is difficult to esti­
mate the error in the assumed saturation moment of the iron. 
It  is believed that this error is less than 1%. The magnetic 
field gradient was reproducible to 3% in fields from 0 to 1000 
oersteds; to Î  1.0% in fields from 2,000 to 8,000 oersteds; 
and to t  0.1% in fields from 9,000 to 18,000 oersteds. The 
high field b-axis data suffer in accuracy due to the shift in 
sample position which occurred during the measurements, as dis­
cussed in Chapter IV, Section B. These data are probably in 
14 0 
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Values of F ranged from 0.050 gm at low fields and high 
temperatures to approximately 10 gm at low temperatures and 
high fields. For values of F less than 2.5 gm, i t  was pos­
sible to obtain weighings which were reproducible to to.0002 
gm; however, the sensitivity decreased to approximately 
tO.0010 gm when F approached 10 gm. Hence the estimated er­
ror in F varies from 4% at low fields to 0.01% at high fields. 
With these considerations, the error in a varies from 
about 5% for low F values to 1% or less for high F values, the 
largest error for high F values being the uncertainty in the 
value of the saturation magnetic moment of the iron. The 
saturation magnetic moment, q for gadolinium was deter­
mined from high F measurements ;  so the error in o^ q is ap­
proximately 1%. 
The magnetic field was calibrated with a field and gradi­
ent meter designed by Thoburn (67). The error in the magnetic 
field is about 1.7% which corresponds to about 300 oersteds 
at the highest fields measured. The demagnetization correc­
tion was of this order of magnitude. Thus the error in the 
demagnetization correction, which was less than 10%, is 
negligible. 
Temperatures were held constant to t  0.05°K during each 
series of measurements and the uncertainty in temperature over 
the whole temperature range is 0.5°K. 
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From Equation 4.4, the estimated error in the electrical 
resistivity is 
The measuring current, I ,  was 100 milliamperes and was 
controlled to within 0.1 milliampere, hence the error in I is 
estimated at 0.1%. The potential,  V, could be read to 0.2 
microvolt with the Rubicon type B potentiometer used in the in­
vestigation. Internal thermal emfs in the potentiometer fix 
the error in absolute value of emf at 1.0 microvolt.  The meas­
ured potentials ranged from about 40 microvolts to about 1300 
microvolts.  The error in the determination of the resistance 
of the sample, therefore, ranges from about 2.5% at low tem­
peratures to 0.1% at high temperatures. 
The error in the effective length of the sample is esti­
mated to be about 0.2%. The error in the cross sectional area 
is estimated to be less than 2%. 
The overall error in the resistivity ranges from about 3% 
at low temperatures to about 2% at high temperatures. 
The error in temperature is estimated to be i0.5°K, the 
same as for the magnetic measurements. 
The crystallographic orientations for the samples were 
determined to within one degree. 
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